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BSTRACT

Correctly identifying key variables associated with the temporal and spatial distribution
of prolific marine petroleum source rock (MPSR) units is of critical importance towards the future
development of models accurately predicting their existence and effective exploitation. The
geographic positioning and prevailing paleoclimatic conditions on paleocontinental reconstructions,
in combination with the processes controlling the drowning of continental margins and parameters
associated with the establishment of high biologic productivity and long term anoxic conditions
within the water column, have been pursued as first-order constraints controlling the development
of some prolific marine petroleum source rock (MPSR) deposits. Fromthis, a model. has been
developed that accounts for the enhanced preservation of regional type-II MPSR deposits on low
paleolatitudinally-positioned continental margins and shelves that have undergone depression
with respect to sea level. Two 'shelf-drowning' mechanisms, continental passive margin subsidence
combined with eustacy, and tectonically-induced subsidence by the loading of continental margins,
are presented as effective processes that contribute towards the more efficient accumulation and
preservation of some extensive marine petroleum source rock (MPSR) units.

The potential utility of this model is examined by a comprehensive analysis of an
extensive active continental margin MPSR unit deposited within the late medial Ordovician

Taconic Foreland Basin of eastern New York and a prolific late medial Cretaceous continental

passive margin MPSR unit deposited within the Maracaibo Basin of northwestern Venezuela. The

integrated use of organic geochemistry, programmed pyrolysis, and geochemical analyses of the
Taconic Foreland Basin demonstrates that the Utica Formation was an organic-rich and a prolific,
although now spent, MPSR unit. The existence of the Utica Formation is believed to have been the
result of ‘channeled-flow upwelling’, within a bathymetrically-constricted collisional foreland
basin, which was spatially positioned at a subsiding continental margin entering a subduction zone.
The penecontemporaneous impingement of the oxygen minimum zone of the water column at .the

drowned continental shelf caused the establishment of long-term anoxic conditions on the outer




slope of the developing foreland basin. This consequently increased the potential for the

preservation, subsequent burial and compaction, and eventual conversion of organic-rich muds into a
regionally important source rock unit.

Geochemical analysis of the late medial Cretaceous derived petroleum oils of the
Maracaibo Basin also requires the existence of one regional MPSR unit, the La Luna Formation. This
is consistent with the combination of eustatic sea level rise, and thermal subsidence, of the northern
South American passive continental margin and shelf during medial Cretaceous times being
coincident with the development of high biologic productivity conditions within the overlying
phatic zone of the water column. This was a direct result of the low paleolatitudinal positioning of
the northern coastline of South America during medial Cretaceous times. The subsequent movement
of the Caribbean Plate through the Proto-Caribbean Seaway in turn controlled the timing and
maturation of the MPSR unit, becoming younger as collision and foredeep sedimentation progressed

eastwards.
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CHAPTER1: INTRODUCTION

Petroleum geolc;gists have tried recently to capitalize on the phenomenon of an observed
uneven distribution of hydrocarbon deposits throughout the Phanerozoic. Six key stratigraphic
time intervals - the late medial Ordovician, the Silurian, upper Devonian, Pen.nsylvanian-Lower
Permian, Upper Jurassic, medial Cretaceous and Oligocene-Miocene - have produced more than 90
percent of the total projected global hydrocarbon budget (2200 x 109 barrels of oil), yet represent
only 31 percent of Phanerozoic time (Fig. 1.1) (Ulmishek and Klemme, 1990). Several attempts,
discussed below, have been made at identifying a specific key variable that would accurately
predict the pattefn of hydrocarbon deposits.

A source rock is a volume of rock that has generated or is generating and expelling
hydrocarbons iit appregiable enough quantities to form commercial oil and gas accumulations
(Brooks et al., 1987). Hydrocarbon products are formed by the thermal maturation of organic matter
within the source rock. Source rocks are derived either from marine or non-marine sources. Marine
petroleum source rocks (MPSRs) accumulate as oil-prone sediments under marine conditions, but can
also contain terrigenously-derived organic matter. While some marine clastics can be dominated by
terrigeneous organic matter, non-marine petroleum source rocks mostly accumulate within lakes and
river basins, containing a mixture of freshwater algae and land plant material. Because
hydrocarbon products are dependent upon the composition, depositional environment, thermal
history and possible alteration of séurce rocks, hydrocarbon products formed from marine sources are
generally more aromatic and less paraffinic than hydrocarbon products derived from non-marine
source rocks (Fig. 1.2) (Brooks et al., 1987).

Sedimentary organic matter in the source rocks is divisible into two fractions. One is the

portion of organic matter soluble in organic solvents or mineral acids known as bitumen, while



29.0

25.0

EXPLANATION

on
Gas

8.0 Percent of world's original petroleum
reserves (BOE) generated by source
rocks of a stratigraphic interval

oo

o B
o

X
K
R

30
SO
o2

<
&

g3
$ITILHEHCD

<%
<5

£
S
3o

»:

5o
$S
.

33
o
>

o

TR
o
509

SIS
I
IS

g,

e

S
o

e
S

®
o

g3
>

0o
25
3262

TSI
SISy
ele

e
2

ey
>33

n
™

‘ 0'0
| .00* ’...
| 0.2 1.0 K 0.4 F’é X @
! . et 0. X '
! A
i o P L = K
i % L%
i | O Z W Q
$.lezl 28 ¢ |E| 8|Sz
W Z|Z2< <0 %) Zz b 3 <
Q = |z <| <= =7 7] o Q 2w
o Q 158 s|Z2 2z <| | & . 122
< L Z a_I|5d zz g5 |21 5] 2 |y (Es
O Z5 - | 3zjad 25K e S|E[F] 2 | &g
< > 2| 3P| 5 w o z g | Q=S
il 28 |5\ HEEaacll E2 |E[g|E| ¢
] e 52 o= al| Wl a Q =
5¢ 56 5 | QHIEYSH| &S 53 5|2 <| o {0 I/
570 438 408 374 352 320 286 169 144 119 88.5 366 53

AGE. MILLIONS OF YEARS BEFORE PRESENT

: Figure 1.1 - Distribution of effective source rocks through geologic time in percent of the world's

? original deposits generated by these rocks. Percent numbers are derived from summation of original petroleum

deposits, in barrels of oil equivalent (BOE), of basins shwon on the lithofacies and structural forms of the

: principal stratigraphic intervals. Reserve data for other intervals are approximated from a review of the

< main basins containing source rocks in these intervals. Separation of deposits into gas and oil is approximate
(After Ulmishek and Klemme, 1991). :




Jurassic. Crelaceous
Miagdle East

Main field of cruce oils derived

U Cretaceous & L. Tertary
N Alnca & Western Alnca
60, from marine organic maiier

% Mesozoic
Pans Basin & North Sea

NMain herg of crude oils
derived Irom non-marnne
orgamc matler

—. L. Cretaceous

Evcene Utlan Magellan Basin

NAPHTHENES

PARAFFINS

Ingonesia

/MA - Teruary ~’MO\A/W

Figure 1.2 - Crude oil composition higll_ﬂig’hting the grinci al fields of occurrence of crude oils from marine
and nop-marine origin (After Tissot and Welte 1978, 1984) (Taken from Brooks et al, 1990).



the other is the insoluble organic matter, called kerogen, that yields hydrocarbon products upon
cracking (heating) (Fig. 1.3a). Using C, H, O elemental dbundances, it has been possible to classify
threé distinct types of kerogen according on their ability to generate hydrocarbons (oil and gas)
(Fig. 1.3b) (Brooks et al., 1987).

Liptinite, type-I kerogen, possesses high H/C ratios with low O/C ratios and is primarily
derived from algal material deposited in fine grained sediments within an anoxic, shallow water
environment (Demaison and Moore, 1980). The Eocene Green River Oil Shale is the 'classic’
example of type-I kerogen that primarily yields oil upon cracking. Exinite, type-II kerogen, also
has high H/C ratios, but lower than type-I kerogen, and intermediate O/C ratios. It is derived
from autochthonously-derived marine sediments that are the result of high primary productivity
of phytoplankton, bacterial organisms and zooplankton, above an anoxic environment (Brooks et
al., 1987). It can also be derived, to a lesser extent, from allochthonously-derived plant material
such as spores, pollen, and cuticles. It produces oil and gas upon cracking. Vitrinite, type-III
kerogen, possesses low H/C ratios and higher O/C ratios than both types-I and -II and is derived
from woody fragments of terrestrially-derived plant material. Becausé of its allochthonous nature,
with respect to the water”column, it is usually refractory when deposited, being highly resistant to
further degradation effects after deposition; it primarily yields gas upon heating. Inertinite, type-
IV kerogen, possesses low H/C and O/C ratios and is the end product of the thermal maturation and
degradation of the previous kerogen types, having no potential for future oil and/or gas generation.
Because hydrocarbon deposits generated by type-I kerogen source rock units have been calculated to
represent only 2.7% of the global total (Ulmishek and Klemme, 1990) and type-1II kerogen produces
primarily gas products upon cracking, type-II kerogen, found only in marine petroleum source rock
(MPSR) units, is believed to be the key kerogen fraction that can yield prolific hydrocarbon
deposits under favorable conditions.

Tissot (1979) tried to correlate between inferred global marine transgressions and the

observed intervals of enhanced production and preservation of marine arganic matter (Fig. 1.4)
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(Tissot, 1979). However, Demaison and Moore (1980) pointed out that if global sea-level changes
were the only key variable for times of enhanced formation of petroleum source rock deposits, then

1

enhanced accumulation and production of organic matter at present-day abyssal depths would be
expected. However, according to (Demaison and Moore, 1980), this is observed“nc; to be the case.
Parrish (1982) examined the significance of paléolati;udirpal posi}i?n of continents towards
controlling enhanced hydrocarbon deposition (Parrish, 1982; Parrish and Curtis, 1982; Parrish,
1982a). Low to moderate paleolatitude positioning, with associated warm and moist climates, has
been suggested to be conducive to the deposition of oil-prone source rocks (Ulmishek and Klemme,
1990). This is based on the observation that almost 60 percent of the total source-rock area of the six
'
key stratigraphic time intervals has been deposited in paleolatitudes less than 45" north or south
-of the equator (Fig. 1.5); however, this would be expected from plain geometry, not allowing for the
fact that the surface area between 45° latitude north and south accounts for over seventy percent of
the Earth's surface. The majority of paleocontinental landforms have been positioned in low
paleolatitudes throughout the Phanerozoic (Kidd, personal communication, 1993). Parrish (1982,
1982a) used paleogeographic reconstructions and paleoclimatological inferences to predict that 55

percent of all observed source-rock units were a'consequence of wind-driven upwelling. However, the

inaccuracy of her technique at predicting high-latitude hydrocarbon sites (Barron, 1985), and the

observed widespread deposition of black shales in the Atlantic during Mesozoic times, limits its

potential usefulness (Ulmishek and Klemme, 1990) in locating yet-to-be discovered extensive MPSR
sites.

Recently, a perceived correlation between certain structural forms developed during
regional orogenic events and the quantity and quality of source-rock deposition at-these sites has
beenestablished. Three key structural forms - intracontinental platforms, circular sags, and linear
sags - have been observed to have produced 75 percent of the total original deposits of the six key
stratigraphic time units (Ulmishek and Klemme, 1990). It is believed that these structural fogms

somehow allow for the enhanced deposition and preservation of organic matter (Fig. 1.6)
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(Ulmishek and Klemrr‘w,.1990). However, Demaison and Moore (1980) aléo pointed out the
difficulty in using only ‘morphotectonic’ forms in predicting locations of enhanced source rock
deposition. Allochthonous, terrigeneous-derived, refractory organic matter presently accounts for as
much as 50 percent of the total organic carbon flux to present-day central open-ocean environments
(Stein, 1991). One could argue that the total organic carbon concentration in any basin is totally
independent of the prevailing marine conditions at the actual deposition site. Instead, the total
quantity of organic carbon deposited at a site cduld be dependent only on the mechanisms that
control terrigeneous organic carbon input. Demaison and Moore (1980) concluded that only when
total organic carbon values are observed to be greater than 3 percent can it be quantitatively said
that such structural forms actually promote the enhanced deposition of prolific marine petroleum
source-rock units.

The previous discussion highlights thé difficulty of identifying only one key variable for
the origin of prolific marine petroleum source rock (MPSR) units. In all probability, the factors that
control the accumulation of organic matter in the marine realm - the production of marine organic

matter, the preservation rate of organic matter and the- supply of terrestrially-derived organic

matter can all be important, and are dependent upon morphotectonic development, eustatic sea

level changes, paleocontinental positioning and global paleoclimatic conditions existing at the
time of deposition.

This investigation analyses the ability: of using the combined techniques of
paleogeography and paleoclimatology, with determining probable mechanisms associated with
the drowning of continental margins and factors controlling primary biologic productivity and long:
term anoxic conditions within the water column, towards predicting the temporal and spatial
distribution of some extensive MPSR units. Specifically, it is proposed that regional type-II rock
deposition is significaritly enhanced at low-paleolatitudinally positioned continental margins and
shelves that become topographically depressed with respetct to sea-level. Two mechanisms that

cause for the drowning of continental margins are reviewed within the context of this thesis:




Continental Passive Margin Thermal Subsidence Combined with Eustacy. During times of

high sea-level stand, such as the late medial Ordovician, the Silurian, upper Devonian and the
late medial Cretaceous (Haq et al., 1987), the drowning of continental margins and shelves in
combination with their thermal subsidence developed extensive shallow epicontinental seas. This
would have permitted the encroachment of deep-water pelagic facies'upon the outer parts of these
drowned continental margins and shelves. The deposition of organic-rich muds would also have
been augmented by the paleogeographic positioning of these drowned continental margins and
shelves at paleolatitudinal positions conducive towards the development of upwelling zones. This
is exemplified by the deposition of deep-water organic-rich pelagic units on the northwestern
passive margin of South America during medial Cretaceous times.

Tectonically-Induced Subsidence By the Loading of Continental Margins. The lithospheric

flexure of an underthrust plate undergoing consumption at a destructive plate margin (i.e. subduction

zones) causes the formation of two topographic highs, sﬁecifically the flexural bulge and a volcanic

arc complex, relative to sea-level. Eventually, the continued consumption of lithospheric material
at subduction zones causes the drowning of the continent's active margin and shelf. This allows for
the deposition of huge thicknesses of orogenic clastic sediments within developing foreland basins,
formed as a consequence of this tectonically-driven process. If correctly oriented parts of these
developing foreland basins were positioned within low paleolatitudes, the development of highly
productive upwelling zones, and extensive MPSR deposits, would have occurred. This is
exemplified by the drowning of the proto-North American eastern continental margin and shelf
during medial Ordoyician times.

Both of the proposed 'shelf-drowning’ mechanisms would have produced extensive MPSR
units because of the subsequent depression of the continental margin and shelf below the average
depth of wave base within the water column (70-80 meters below sea-level (Pindell, personal

‘commum'cation, 1993)} (Figure 1.7). If either of these mechanisms were occurring on a continental

margin that was located at the right paleoposition where an upwelling zone caused the enhanced
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‘the production of algal blooms in the photic zone of the water column. Consequently, 'organic rain’,
formed by the decay of planktonic organisms from the photic zone of the water column, would have
produced extensive deposition of organic-rich muds. The resulting effect of higher sea-levels, due to

the topographic depression of the continental margin and shelf, coinciding with higher primary

biologic productivity within the water column would have been the exhaustion the oxygen budget

in the water column. This would have caused the establishment of long-term anoxic conditions on
these drowned continental shelves and foreland basins, at a passive and active continental margins
respectively. In addition, the deposition of continental shelf-sediments below the average water
depth where wave action can rework, degrade, and redistribute previously-deposited sediments,
would have also contributed towards its accumulation and long term preservation. Eventually,
commercial-size quantities of marine source rock material could have accumulated within such
areas previously described and possibly undergo buria}-induced maturation.

This thesis examines two specific marirte petroleum source rock (MPSR) units that
represents each of the two types of ‘continental margin and shelf drowning’ mechanisms previously
mentioned. Each one was positioned at an ideal paleolatitude which was conducive for the
development of upwelli-ng zones, which ‘were spatially located above their associated drowned
continental margins. This allowed for the enhanced depositiori, accumulation, and preservation of
organic-rich muds, serving as precursors to prolific MPSR units. Specifically, these are the passive
continental margin deposits of the late medial Cretaceous La Luna Formations of northwestern
Venezuela and the active continental margin deposits of -the late medial Ordovician Utica

Formation of eastern North America.




CHAPTER2: METHOD OF STUDY AND STUDY AREA

The potential utility of the proposed depositional model is considered in two parts. First, a
detailed compilation was undertaken of stratigraphic, lithologic, and tectonic data from
previously published material on two pertinent foreland basins; the late medial Ordovician

_Taconic Foreland Basin of eastern New York and the late medial Cretaceous, Maracaibo Basin of
northwestern Venezuela. This part of the study sought to find out common trends in the basins
selected for study under equivalent conditions of topographic depression of continenta] margins and
shelves with respect to sea level and low paleolatitudinal positioning, high primary biologic
productivity as well as long term anoxic conditions existing within the water column. Collected
information included the following for each basin:

» stratigraphic section and brief tectonic history of pertinent time interval
identification of prime source rock horizons and their relative-ages
type of source rock material and their relative abundances
estimation of the quantity of oil produced or remaining in proved reservoirs
* proof of correlation of the time of thrusting relative to’sedimentation of source rocks.
This data, compiled by previous authors, was used to test the-idea that the drowning of continental
margins and shelves at low paleolatitudes can enhance the accumulation and preservation of high

quality ,type-II, source rock deposition.

Second, to further test the applicability of this model, a detailed field study and

geochemical analysis of the late medial Ordovician Taconic Foreland Basin was undertaken,
which served as the focal point of new research undertaken‘within the context of this thesis. This
part of the study sought to prove whether or not the organic-rich calcareous shales of the Utica
Formation of the Taconic Foreland Basin was a result of the drowning of the low
paleolatitudinally-positioned eastern margin of North America during medial Ordovician times.

From this, a specific explanation of the occurrence of. a. prolific, although now spent, MPSR unit




developing off the eastern marg’in of North America was constructed in terms of the key variables
identified as controlling the temporal and spatial distribution of some extensive MPSR units.

The area of study from distal shelf to the basin floor is about 120 kilometers'(Hay and
Cisne, 1988) extendix.xg throughout the Mohawk Vailey from Albany to Utica (Fig 2.1). Shales, from
fourteen localities, all of late medial Ordovician age, were sampled for detailed geochemical
analysis (Tables I, II, II). All samples range in age between the graptolite zones of Diplograptus
multidens and Climacograptus pymageus (Fig. 2.2) (Fisher, 1977). Under ideal conditions, the
samples would have been taken along one or more single time horizons down a dip section across the
foreland basin. However, the failed subduction of the Appalachian passive margin caused the
formation of a complex normal block-faulted zone ﬂan'kin‘gr the Taconic thrust front (Fig. 2.3). This
has resulted in inadequate stratigraphic control to define such a horizon, particularly given the
generally poor exposure of the Utica Formation throughout the s;elected field area. Therefort in the
absence of adequately precise stratigraphic control, samples were taken in three vertical
stratigraghic transects positioned along an overall dip section (the direction that active plate
margin convergence was occurring) as a substitute (Table IV, V, VI, Fig. 2.4). The diachronous nature
of the Utica Formation, becoming younger to the west within the Taconic Foreland Basin, is not seen
as a problem within the context of this thesis. The ability to test the usefulness of the proposed
'shelf-drowning' mechanisms for predicting the temporal and spatial distribution of some prolific
MPSR units will not be obscured. Instead, performing detailed geochemical analyses on a migrating,
organic-rich, facies unit, such as the Utica Formation, allows the possibility of predicting optimum

\

times for the deposition of organic-rich sediments within a ‘drowning’ continental margin for the

production high quality, type-1I, source rock material. For methods concerning the determination of

the inferred stratigraphic position of the samples see Appendix I.
Coupled with the new inorganic geochemical analyses, and interpretations of the acquired
data, of the calcareous shales of the Utica Formation, organic geochemical analyses were

performed by Texaco Inc. on some samples taken from the basin under‘review. This included
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Figure 2.3 - Generalized geologic map, with locations of samples used in this study, of the Taconic foredeep,
eastern New York State. Ordovician normal faults are located west of, and strike parallel with, Ordovician

thrusts, which crop out in the eastern part of the map area. Simplified from Fisher and others (1970), with
modifications from Fisher (1980) in the area between and including the Manheim and Hoffman fauits, fro]m
roximately

Bosworth and Vollmer (1981) for the position of the frontal thrusts. The Mohawk Valley a
follows the line of section X-X'. Abbreviations for minor faults: Po, Poland; SB, Shedd Brook; Bu, Buttermilk

Creek; C3, Caroga Creek; CB, City Brook; CC, Crum Creek; Kr, Kringsbrush; Fu, Fultonville; Fo, Fonda; RC,
Rock City Falls. Hatch lines within Ordovician strata represent medium-deforemed units adjacent to the
Taconic thrust front (i.e. Austin Glen Forfmation). Abbreviatians: CC, Canajoharie Creek; BHC, Bean Hill
Creek; YC, Yatesville Creek; AS, Chuctunuda Creck; NC, Nowadaga Creek; SC, Schoharie Creek; OC, Ohisa
Creek; OTC, Otsquago Creek; TC, Terwilleger Creek; HHC, Harter Hill Creek; WH, Wolf Hollow; 171, Illion;
30A, Central Bridge; YKS, Youngs Lake (After Bradley and Kidd, 1991).
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measurements of the quantity, quality, and thermal maturation of organic matter. This was
accomplished by pyrolysis and vitrinite reflectance analyses of a subset of the original sample
suite (Table VII), selected to give as clear a view of the overall geochemistry of the Utica
Formation and Frankfort Formation as possible for a moderate number of samples. Additional
technical support from Texaco Inc. enabled inference of the possible quantity and quality of
hydrocarbon content during optimum times of petroleum generation (Bissada, personal
communication, 1993). For reasoning behind the selection of the subset of samples chosen, and for
methods of preparation and analyses, see Appendix II.

X-Ray fluorescence analyses of a second subset of samples of the original sample suite were
made, for determination of the whole rock major and trace-element geochemistry (Table VIII).This
enabled the qualitative determination of anoxic and primary productivity conditions existing in

the basin during the deposition of the calcareous shales of the Utica Formation. For methods of

preparation and analyses see Appendix IIl. In addition, a comprehehsive review of how

paleogeographic and paleoclimatic reconstructions, from previously published material, were
utilized for predicting the temporal and spatial distribution of some prolific MPSR units and its
application to Maracaibo Basin and the Taconic Foreland Basin. From this, regional, type-II, source
rock deposition was assessed as a function of the topography of selected continental margins and
shelves, paleogeographic positioning, prevailing global paleoclimatic conditions, biologic
productivity and long term anoxic conditions established within the overlying water column. A
similar assessment of the Maracaibo Basin of northwestern Venezuela was taken frorﬁ previously
published sources. This was integrated with the Utica Formation study for the construction of a
new general model that could explain enhanced regional source rock deposition on low
paleolatitudinally positioned continental margins and shelves in terms of biologic productivity,
oxygen concentrations within the water column as a function of depth, prevailing paleoclimatic

conditions, and paleogeographic reconstructions through time.
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CHAPTER 3: GEOLOGICAL EVOLUTION OF THE CARIBBEAN: IMPLICATIONS FOR THE

DEPOSITION, MATURATION, AND MIGRATION OF HYDROCARBONS DERIVED FROM A

PROLIFIC MARINE PETROLEUM SOURCE ROCK (MPSR) UNIT DEPOSITED WITHIN THE

MARACAIBO BASIN, NORTHWESTERN VENEZUEL A

3.1 Introduction

The evolution of the Caribbean region (Pindell and Barrett, 1990) continues to remain an

active topic of research for structural as well as petroleum geologists. Some plate tectonic models
- (James, 1985; James, 1990) previously pursued the notion that the Caribbean region was a
consequence of only simple sea floor spreading occurring between North and South America during
Mesozoic and Cenozoic times. The existence of at least 90 Myr of Atlantic oceanic plate consumption
beneath the Caribbean Plate, the development of numerous strike-slip basins in the area, and the
inference of large scale east-west relative motion between the Americas and the Caribbean region
(Pindell, 1990; St. Croix Conference), has raised serious doubts on the validity of such an
explanation.

Only recently have accurate paleogeographic reconstructions of the components of the
Caribbean region been constructed (Pindell and Barrett, 1990; Pindell et al., 1988). These will be of
critical importance towards understanding the total generative capacity of this area and
identifying future areas for exploration, and where not to explore. The model is based upon the
notion that the evolution of the Caribbean could be explained by a process similar to that of ‘ice
rafting’ (Wilson, 1966), where under certain conditions the edges of two sheets of thin ice could
overlap and interfinger into narrow strips (Fig. 3.1). Expanding this idea to the Caribbean region, a
plate tectonic-based model was developed that could adequately explain the current largest-scale

features of the Caribbean region (Fig. 3.2) as well as the accumulation, maturation, and migration




MEXICO

O \u
\ BARTLETT TROUGH WEST
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Figure 3.1 - Diagram of the West Indies structure illustrating its apparent similarity to ice-rafting (After
Wilson, 1966).
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of petroleum and gas deposits in the area (Pindell, 1991).
The key to this model was firmly based that the Caribbean Plate is allochthonous with

respect to North and South America (Pindell and Barrett, 1990). This is confirmed by various

geophysical and geochemical techniques. The model breaks up the development of the Caribbean

region into two phases:

1) rapid SW-NE extension between North and South America from late Jurassic through medial
Cretaceous times, following Pangean continental disruption. This allowed for the formation of a
proto-Caribbean ocean basin between the Yucatan block and the North and South American
continents.
large scale E-W relative motion of the Caribbean plate from medial Cretaceous times until
Recent times, causing the passive margins of the proto-Caribbean oceanic basin to become
tectonically loaded. Large collisional foredeep sections (such as the Eocene of the Maracaibo
Basin of northwestern Venezuela) were formed diachronously as the Caribbean Plate migrated
relatively eastwards, which loaded previously deposited MPSR units with synorogenic flysch
acting as potential reservoir rocks. Minor amounts of Cénozoic—age MPSR units were also
deposited within this area.

The movement of the Caribbean Plate through the proto-Caribbean oceanic basin also controlled

the timing and maturation of the source rocks previously deposited there; along the southern

margin of the basin maturation of these units become younger eastward as the collision .and
foredeep sedimentation progressed eastwards during the Tertiary.

The major concern here is to present a general overview of the tectonic evolution of the
Caribbean region, addressing key factors that have affected the evolution of hydrocarbon deposits
within the Maracaibo Basin. Specifically these will include deducing the paleogeographic and
paleoclimatic conditions existing during the late medial Cretaceous, off the northern South
American coast, which enhanced biological productivity within the overlying water column,

showing that eustatically-driven subsidence of the northern South American margin was conducive




for significant MPSR accumulation, and that the development of long-term anoxic conditions

enabled the efficient preservation of the organic matter. Doing so will develop general
explanations regarding the deposition of extensive MPSR units formed during the late medial

Cretaceous off the northern coast of South America.




Regional Plate-Tectonic Overview

3.2.1 Formation of the proto-Caribbean Seaway: Creation of a Submerged Margin

.
L ATLE |

along northern South America During Tithonian (140 Myr) through Campanian

(84 Myr) Times

Pindell et al. (1988) used magnetic and fracture zone data from the Central and South

Atlantic to determine that following the initial disruption of Pangea between 180-160 Myr, the
separation of North and South America continued from Tithonian (140 Myr) until just before
Campanian (84 Myr) times. The calculated rate of angular motion between the Americas was .27°
Myr1 (30 kmIMa-1) (Pindell et al., 1988), eventually causing 3000 kilometers of plate separation
between thé Americas (Fig. 3.3) (Pindell, 1991).

This produced an extensive 'Atlantic-type’ passive margin along northern South America,

extending from Colombia through Brazil (Pindell and Barrett, 1990). The proto-Greater Antillean

Island Arc formed simultaneously along the Pacific side of the gap between North and South

America (Pindell‘ and Barrett, 1990). This island arc complex played an important role in the
evolution of the Caribbean region, forming collisional basins as it interacted with certain segments
of the proto-Caribbean passive margins from Campanian (84 Myr) through Recent times.

The depositional environment in the northern Venezuelan margin of the evolving proto-
Caribbean oceanic basin also progressively changed throughout the Cretaceous (Fig. 3.4). The
original depositional environment was fluvial in nature during the earliest Cretaceous, evidenced
by the deposition of the Rio Negro Sandstone. During Aptian-Albian times, the deposition of the
Apon, Lisure, and Maracas Formations of the Collogo Group is due to the depositional environment
becoming a shallow carbonate platform (Talukdar et al., 1986). These are grainstone and ooid bar
deposits that contain lagoonal,- organic-rich sediments which could have generated hydrocarbon
deposits to a limited degree (Ia;nes, 1990). However, the key MPSR unit of the area, the La Luna

Formation, was deposited during Cenomanian through Santonian times.
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Fiiure 3.4 - General stratigraphy of the Maracaibo Basin showing the position of the La Luna Formation,
the Cretaceous regional seal and the reservoirs of oils related to La Luna source rocks (Talukdar et al,,
1987).




This fine grained, dark gre;y to black, argillaceous limestone-calcareous shale is organic-
rich (average TOC value 3.80%) and is finely laminated with abundant planktonic and pelagic
fossils present. The total stratigraphic thickness of the unit is between 400-700 foot (121-213
meters) (Talukdar et al., 1986). The high observed content of Type-II (marine) kerogen of this unit,
coupled with the absence of benthonic fossils, abundant planktonics, and finely laminated
sediments point to its euxinic depositional environment. The coincidence of the highest eustatic sea
levels of the Mesozoic during the late medial Cretaceous (Haq et al., 1987), its inferred
paleolatitude location, and possibly above normal bottom water temperatures may have
contributed to the enhanced source rock quality of this unit. Above the La Luna Formation lies the
Campanian-Maastrichian Colon Formation, and its lateral equivalents. It is a 1000 foot (328
meters) bituminous, reported-'shale’ that probably acted as an imperfect regional seal for the La
Luna Formation. Debate still persists as to whether ‘or not the Colon Formation represents the last
phase of passive margin deposition occurring on the northern South American margin, or if it
represents the onset of outer trench slope deposition within the developing foreland basin (Pindell,
personal communication, 1993). The most characteristic aspect of the Colon Formation is its marked
decrease in TOC values relative to the underlying La Luna Formation; TOC values for the Colon

Formation average only .80%. This could be a consequence of marine oxic conditions being

established during its deposition, or detrital sedimentation rates being higher than organic carbon

flux rates into the basin. Until samples spanning the entire thickness of the La Luna and Colon
Formations become accessible for detailed geochemical analyses, the question of what factor(s)
could have resulted in the dramatic decreases in TOC value in the Colon Formation will remain
unanswered. Oxygen and carbon isotope stratigraphy could infer whether or not biologic
productivity was the deciding factor controlling TOC values in the Colon Formation. Conversely,
strontium, and possibly sulfur, isotope stratigraphy could point to the possibility of oxygen
concentrations being the primary variable controlling TOC values within the Colon Formation.

Given that sea-level stand was probably much lower during Campanian-Maastrichian times than




during Cenomanian through Santonian times, the preliminary position is taken, within the context
of this thesis, that TOC values within the Colon Formation was the ‘result of clastic dilution. A
greater portion of the flexural bulge would have been above sea level during Campanian-

Maastrichian times, enabling for its erosion and deposition in to the developing foreland basin.

By the end of the Santonian, sea-floor spreading between the Americas had decreased to

only .07°Myr-1 (Pindell et al., 1988). This change in motion must have resulted in sea floor
spreading in the proto-Caribbean Seaway ceasing, or nearly so, such that the relative motion of

South America to Africa was now similar to that of North America to Africa.




322 Late medial Cretaceous Paleoclimatic Reconstruction

Parrish and Curtis (1982) generated late Cretaceous (Cenomanian) paleoclimatic maps for
predicting paleo-upwelling locations (Fig. 3.5). By using the general qualitative rule that wind-

driven upwelling occurs on the west facing coasts within subtropical high pressure belts, the model

predicted major coastal paleo-upwelling zones off the western coasts of North and South America.

Parrish and Curtis (1982) also predicted zonal high-latitude paleo-upwelling off the Australia

and the Arctic coasts.

Coastal upwelling was predicted only for the northwestern coast of South America;

numerical modeling however predicted more’ extensive upwelling on the northern, as well as
northwestern, coasts of South America (Diagram 13C; Barron (1985)). Barron's prediction is more
consistent with sedimentological evidence (Barron, 1985). Two reasons why the qualitative model
was unable to correctly predict upwelling off northern South America are:

e the geologic record of Cretaceous source rocks in the northern margin of South America was not

adequately sampled, so that not enough paleoclimatically-sensitive sediments were detected

to imply the existence of paleo-upwelling off the northern coast of South America when using

Parrish's (1982) qualitative paleoclimatic modeling techniques.

e that qualitative paleoclimatic modeling techniques implicitly assumes a necessary continental
separation for surface winds to produce wind-driven divergence within the water column.
Parrish and Curtis (1982) assumed in their qualitative modeling attempts that the relative
'closeness' of North America, South America and Africa during the late medial Cretaceous was
not yet conducive towards the establishment surfa& wind-driven divergences. Therefore, they
did not predict paleo-upwelling to occur, but nonetheless it may have existed, as shown by
Barron's (1985) numerical paleoclimatic modeling attempts.

Paleo-upwelling may have occurred off the northern coast of South America under two possible

situations. The first, under relatively high sea-level (250-300 meters above present conditions),

would have allowed extensive Cretaceous epicontinental seas to develop. Consequently, a



Figure 3.5 - Continental congguration and predicted ulpwelling Zones during late medial Cretaceous times.

Stippled areas = propos upwelling sites. Upwelling zones from Parrish (1982). Paleocontinental

configurations from Scotese (1980).




symmetric -equatorial’ oceanic' divergence could have devefdped over the northern margin of
Cretaceous South America, allowing for ‘extensive paleoproductivity and marine petroleum source
rock deposition. The other possibility is that the upwelling, and enhanced biologic productivity,
is a consequence of low latitude zonal coastal upwelling. The Cretaceous-age northern coast of South
America was at the right latitudinal position and correct orientation for zonal wind driven
upwelling to have produced extensive organic-rich sediment deposition (see Appendix VI). It is
probably reasonable to assume that both effects operated during the late Cretaceous. Under these
scenarios, using techniques developed by Betzer et al. (1984) to ascertain qualitatively productivity

fluxes into the ocean, primary prodductivity may have ranged from 100-250 gCorgm'zyr‘l during

Aptian fimes. This would have enabled between 15-30 gCo,-gm'zyr:1 to reach the sediment-water

interface that could have been buried, using the assumption that water depths ranged from 100-250

meters, deep enough for Ekman transport mechanisms to occur in the water column.




3.2.3 Evidence Establishing the

MPSR Unit Deposited within late medial Cretaceous Times

Wilson's (1966) original hypothesis proposed that the Caribbean plate had been inserted
into-the zone between North and South America, where the proto-Caribbean oceanic basin had been
formed. This is based on the following observations:

» the occurrence of east-west transform faults presently bounding the Caribbean region

» the suggestion that the Antillean Island Arc was the tip of an eastward advancing oceanic
lithospheric slab advancing eastwards, relative to the Americas

* jgneous and metamorphic terranes being emplaced along the northern South American
coastline.

Debate has continued regarding the two possible mechanisms producing these features within the

Caribbean region:

1) local, Cretaceous-age deformation and penecontemporaneous emplacement, due to island-arc
continental collision, along the northern South American passive continental margin.

2) distant, Cretaceous-age deformation, and subsequent Tertiary emplacement, of igneous and
metamorphic terranes onto a northern South American continental margin that was passive
throughout Mesozoic times (see Erikson and Pindell, 1993 for a comprehensive analysis of this
problem).

Depending on the interpretation accepted for the evolution of the Caribbean region, the

explanation for the depositional environment for .the key MPSR unit of the region, La Luna

Formation, will be different. While new modeling (Pindell and Barrett, 1990) requires acceptance

of the La Luna Formation to be a passive margin deposit, initial explanations viewed the La Luna

as a collisional foreland basin deposit. Difficulty in trying to id'entify tectonically isolated
fragments of the various shelf and continental slope sedimentary environments, and restoring them

to their original relative positions (Burke, 1988), has hampered resolution of this important issue.




Recently published data (Erikson and Pindell, 1993; Erikson and Pindell, in press) of

sediment accumulation rates within the Maracaibo Basin of northern South America provides
. Y ‘

conclusive evidence showing that the La Luna Formation was a passive continental margin deposit.

This evidence proves that distant Mesozoic deformation and Cenozoic emplacement of igneous and

metamorphic terranes occurred on the northern South American margin. The usefulness of sediment

accumulation diagrams is that they are able to distinguish between different tectonicmer;vironments

producing different sedimentation patterns. Sediment accumulation curves that exhibit slow
sediment accumulation rates are indicative of thermal subsidence existing within the area under
examination. Uplift even?s, caused by island-arc collision events for example, instead show
dramatic increases in sediment accu;nulation rates within flanking basins. From this, the
interpretation of Fig. 3.6 is that the northern coastline of South America was passive throughout
Mesozoic times and did not become an active continéntal margin until well into Cenozoic times (Fig.
3.6). If the northern coastline of South America was passive.throughout the Mesozoic, ‘then the La
Luna Formation is required to be passive margin deposited MPSR unit. Unless evidence pointing to
the occurrence of flexural normal faulting within the La Luna Formation during its deposition, the
verification of some comp;)ﬁent of clastic sedimentary detritus within the La Luna being indicative
of the development of a collisional foreland basin during medial Cretaceous off the northern
Venezuelan coast, or the existence of bentonites within the Cretaceous sedimentary column within
the Maracaibo Basin, indicating the relative close proximity of the volcanic arc to the northern

South American margin, the depositional environment of the La Luna Formation will have to be

accepted as passive continental margin in nature.
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Figure 3.6 - Sediment-accumulation rates within the Maracaibo Basin. Slow accumulation rates during
Cretaceous are indicative of passive continental margin tectonic environment, while dramatic increases are
representative of tectonic subsidence occurring within the basin. Open circles = South Maracaibo Basin;
Closed circles = North Maracaibo Basin. (Modified from Erikson and Pindell, in press).




324 Commencement of Collisional Foredeeps and Marginal Basins During late

Cretaceous through Paleocene Times

From Campanian (84 Myr) through Recent times, proto-Caribbean oceanic basin
lifﬁosphere was progressively consumed beneath the Antillean Island Arc. Consequently, large
scale easterly relative motion of the Carib,bea;-n Oceanic Plateau caused some sections of the passive
margins of the basin to become tectonically loaded. This caused the diachronous production of
several large asymmetric collisional foredeeps (Pindell, 1991) as the Antillean Island Arc
progressively collided with some sections of the Proto-Caribbean passive margins (Burke, 1988).

The de?osition of synorogenic flysch units in these collisional foredeeps served two
important ii‘unctions in the production of ﬁydrocafbon deposits in. the Maracaibo Basin. Sediment
infilling of the foreland basin allowed for the thermal maturation of the earlier deposited MPSR
unit, and served as potential reservoir rocks for migrating hydrocarbon deposits.

The late Cretaceous Sepur Collisional Foredeep off the Guatemalan coast was the~first of
these basins to form in the Caribbean region. It is interpreted as the result of the collision of the
Antillean Island Arc with the Yucatan Peninsula (Fig. 3.7) (Burke, 1988). Evidence for this
collisional event is recorded by the formation of the Motagué suture zone in Guatemala at the end of
the Cretaceous (Burke, 1988). The progressive movement of the Antillean;Island Arc complex past
southern Yucatan also caused the creation of several additional basins in the area, as the
Caribbean oceanic plateau moved past the Yucatan Peninsula (Buri<e, 19é8). It is believed that the

Yucatan Basin of Paleogene age, and the Grenada Basin, also of Paleogene age, are the result of

this mechanism.
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3.2.5 Foredeeps during latest

Paleocene through Eocene Times

During latest Paleocene-early Eocene times, the initiation of development of two
additional collisional foredeeps, the Cuban and Maracaibo, occurred. The Cuban Collisional
Foredeep was formed when the northern section of the Antillean Arc collided with the Bahamas
and Florida Platform, forming ophiolitic nappes and back thrusting in the area. The Maracaibo
foredeep of northwestern Venezuela however, was a result of the North Venezuela Nappes being

emplaced onto the Venezuelan margin diachronously, in close association with the Cenozoic

eastward advance of the Caribbean Plate (Pindell and Barrett, 1990). The depositional-. ..

environment, critical t,owa}ds the hydrocarbon evolution of the area, was also affected (Pindell

and Barrett, 1990). Specifically, moderate regional uplift and local erosional shoaling occurred due
to the progressive transpressional, eastward-younging, orogenesis between the Caribbean and South
American plates (Bockmeulen et al., 1983; Pindell, 1991). During the Paleocene, limestones
indicative of a fluvio-deltaic to marine envirohment were deposited with relatively low TOC
values being a result of clastic dilution (Fig. 3.8), while throughout the Eocene huge thicknesses of
regressive shale-deltaic sand sequences; the Misoa Formation, were deposited throughout the area
(Fig. 3.8). It is the deposition of these fluvio-deltaic units that caused maturation of, and migration
from, the earlier deposited MPSR unit. The maturation and migration in the northern Maracaibo
Basin initially began in the Eocene and caused the southwestwards migration of the produced

hydrocarbons towards Eocene-deposited sands (Bockmeulen et al., 1983; Pindell, 1991).




49

RLS. OIL, RELATED E REGIONAL SEAL

]
]
10 LALURA SOUACE
:GYE flE“Oé. WEST : EAST rock :
- ! oist Turrn| [ sovrce mocx
2. !
i
PLEIS| ONIA FM 1 EL ';':“5"0
7
PLIO % lLA PUERTA
R FM
LA VILLA FM | :
- | LAGUNILLAS i
Fu 33T PeLacic |87 pOLI
s u EL FAUSTO b uo.su vl;x KT
'y PHOY.
{LA ROSA FM |® SST swonrnous o
228 GP e T 3
|
1% = A smma 'V/ A =
44 - : A / =
€O . : ==
WIRADOR | | aison Fi / =
FM 9 i ° SST = L
3 " timal vl

MARCT Ao V -
o PC Olotut-—-——-—! CUASARE FN /
. MITO{JUAN FN
XU COLON ! FN /\/j : =

!z ’ I ol G &
\ 1 carion rx] t “’:" n ;g:-- ./ FR&Z{URED == |
00 R WARACA FN s S It
=N LISURE FN (P ===
S I APON FM o .
: RIO 'NEJGRO FM ° sST ]
T
PRE-K BASEMENT e  |FRACTURED

SRANITQ

Figure 3.8 - General stratigraiphy of the Maracaibo Basin (After Talukdar et al., 1987).




3.2.6  Tectonic Disruption of Paleocene-Eocene Petroleum Reservoirs During Oligocene

Times

The tectonic disruption of Eocene-Paleocene petroleum resefvoirs of thé Maracaibo Basin
occurred in the Qligocene. It has been postulated that this was connected to a global regressive
event, the largest in the Cenozoic, occurring during this time (Bockmeulen et al., 1983). At least 2700
meters of Eocene sands were eroded, allowing for meteoric water contamination and degradation of
the petroleum deposits, while concurrent faulting produced a series of north-south anticlines,
serving as structural straps for the still southwestwardly migrating-petroleum deposits. However,
it is highly improbable that oyer 2700 meters of stratigraphic section within the Maracaibo Basin
could have been eroded by a global regressive event albx;e. Such an event would not have been
localized orily within northwestern sections of the riorthern Venezuelan coast, as postulated by
Bockmeulen et al (1983). It is more likely that the Oligocene unconformity event is somehow
tectonically connected to the emplacement of the North Venezuelan Nappes and the development
of the Southern Caribbean Plate Boundary Zone (PBZ) (see Pindell and Barrett, 1990), resulting '
from the progressive Cenozoic eastward advance of the Caribbean Plate (Pindell and Barrett,
1990). As the Caribbean Plate moved eastward throughout the Cenozoic, nappe emplacement could

have resulted in the 'wedging-in' of accretionary thrust sheets into the northern South American

margin, with larger displacements produced in the eastern parts of the northern Venezuelan

margin. The existence of such a 'triangle wedge' structure, progressively inserting itself in the
Venezuelan m}zrgin, could have subsequently uplifted parts of the Venezuelan margin, especially
in the northeastern sections of the basin. This mechanism could explain the development of erosion
and tectonic disruption of Eocene-Paleocene reservoirs within the Maracaibo Basin proposed by
Bockmeulen et al (1983) during Oligocene times, as well as the dextral sense of shearing postulated
by Pindell and Barrett (1990) produced on the northern Venezuelan margin during the progressive

Cenozoic eastward advance of the Caribbean Plate (Pindell and Barrett, 1990).




3.2.7 Consequences for

e

Hydrocarbon Evolution During Miocene Times

With the beginning of the Miocene, the collision of the Panamanian-Costa Rican Island Arc
onto South America was the next important event affecting the evolution of hydrocarbon deposits in
the Maracaibo Basin (Pindell, 1991). The collision of Panama with South America subsequently
produced Miocene through Recent northwards extrusion of the Maracaibo Block in northwestern
Venezuela. At least 100 kilometers of strike-slip motion on the Santa Marta and Bocono Fault
systems has caused the Maracaibo Block to move at least 70 kilometers northwards relative to
stable South America. The ongoing collision has produced the Atrato suture zone, reminiscent of the
Romeral suture zone developed earlier during the Cretaceous. This serves as the primary piece of
evidence indicating an"island arc-continental collision developing-in the Caribbean region during

this time (Pindell, 1991) (Fig. 3.9).

This has also caused the La Luna MPSR unit deposited in the southern portion of the

Maracaibo Basin tg thermally mature and expel hydrocarbon products. Following the Panamanian
collision, uplift of the Cordillera has caused huge thicknesses of Neogene sediments (6-8
kilometers) to fill ‘tﬁe 'southern part of the basin. Since Miocene timgs, the Caribbean Plate has
continued to migrate between the Americas; however, the regional t:ectom'c evolution of this area is
being further complicated by a slight convergence between North and South America (Pindell,

1991). The formation of another collisional foredeep, the Maturin Collisional Foreland Basin has

begun further eastwards on thé northern Venezuelan coast.
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Figure 3.9 - Neogené structural development of northwestern South America, using a 15-20 mm(yr)"! South
America-Caribbean displacement rate (Pindell, 1991) ’




33 Geochemistry of Maracaibo Basin, Northwestern Venezuela

3.3.1 Introduction: General Regional Overview

The Maracaibo Basin of northwestern Venezuela i$ a large producer of petroleum,
with its deposits projected at 29 billion barrels of oil (Talukdar et al., 1986). While the present
structural configuration, an intermontane basin, did not exist until middle Miocene times, the
Cenozoic tectonic evolution of the area was the most important control over the maturation of, and
migration from, the late medial Cretaceous MPSR unit.

The drainage area where hydrocarbon deposits have subsequently migrated following

expulsion covers an area approximately 5 x 104 km2. It is limited to the north by the Oca Fault, a

left-lateral transform fault, while towards the northeast it is bounded by a north-northwestward
trending line delineating the maximum thickness of Eocene-deposited fluvio-deltaic sediments.
Mountain ranges complete there closure of the Maracaibo Basin, with the Venezuelan Andes to the

south and southegst, the Santander Massif towards the southwest, and the Perija Range to the west

: ¢

and northwest (Fig. 3.10) (Talukdar et al., 1986).

The pal/u/city‘of Tlate Mesozoic tectonic events controlied the deposition of the key MPSR unit
on the northern passive rargin of South America, while active Cenozoic tectonic events induced
sedimentation that drove thermal maturation, expulsion, and degradation of the La Luna MPSR
unit. Geochemical analyses point to the La Luna Formation as the key MPSR unit of the Maracaibo
Basin with calculations estimating that at least 90 percent of all petroleum generated in the area
has been derive; from it (Talukdar et al., 1990). The subsequent deposition of the shaley Colon
Formation (Fig. 3.8), possessing low ;I‘OC values, during Campanian through Maastrichian times
provided a regional seal for migrating hydrocarbons. The initial thermal maturation, and
explusion of hydrocarbons from, the La Luna Formation was caused by foreland basin thrust and

sediment loading, and deformation of the northern South American passive margin during early

Tertiary times (Pindell, 1991).
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" Geochemical analilses of oils spanning the whole area of the Maracaibo Basin show that three
distinct types of oil are present. Mesozoic-age marine-derived oils (i.e. the La Luna Formation),
ranging from immature to highly mature, occur throughout all areas of the basin, while terrestrial-
derived and mixed marine-terrestrial oils are located only in the southwestern areas of the basin
(Fig. 3.11) (Talukdar et al., 1987). Thermal modeling of the basin has shown that maturation of the
MPSR unit by tectonically-induced sediment loading of the passive margin occurred first in the
northeastern section of the collisional foredeep during Eocene times. The area of active hydrocarbon
generation subsequently broadened in an easterly direction as Eocene deltaic sediments (Eocene
Misoa-Trujillo sands) (Fig. 3.12a) (Dewey and Pindell, 1986), derived from the proto-Orinoco
River,"migrated towards the east and subsequently thermally matured the regionally deposited
MPSR unit. The southern section of the basin howgver, underwent hydrocarbon maturation and
migration during Miocene through Recent times during and following the collision of the

Panamanian-Costa Rican arc against northwestern South America.
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i 12 - f hydrocarbon migration in the Maracaibo Basin during late Eocene-Oligocene times
Figrure 3.12 - Sketch of hydr g'\fter Talukdar et al., 1986).
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3.3.2 Organic

Organic geochemical, and pyrolysis, analysis of-all stratigraphic units deposited in the
Maracaibo Basin, undertaken by previous authors, was complied to determine which ones could
have served as principal source rock units for hydrocarbon generation, and some of this data is
published. However, much of the data still remains classified by the petroleum industry,
hampering an effective, comprehensive, geochemical assessment of the Maracai};o Basin. The
potential of a lithologic unit as a source rock includes the quantity and qual-ity of organic matter
deposited and preserved, as well as the thermal maturity of the unit (Talukdar et al., 1986).
Talukdar et al (1986) concluded that the Cretaceous Capacho and La Luna Formations and the
Apon Formation of the Collogo Group were the best candidates for source rock units in the basin
(Table X).

The La Luna Formation is a fine grained argillaceous limestone and calcareous shale unit,
with total thickness varying between 61-213 meters (Talukdar et al., 1987). The occurrence of
rhythmic banding on the order of 20-50 centimeters between the limestones and shales, coupled

with observed internal millimeter to sub-millimeter scale banding, is indicative of an open marine

shelf (?) and/or abyssal environment existing during Cenomanian through Coniacian times

(Talukdar et al., 1987). The lack of bioturbation in the sediments suggests deposition under anoxic
conditions (<0.1ml O2/1 H2O) a requirement to preserve finely laminated sediments (Stein ,1991).
Pyrolysis analysis of the La Luna Formation shows that it is an organic-rich unit, with its
present total organic carbon (TOC) values ranging between 1.5-9.6 wt.%, and with its calculated
original TOC values ranging between 2.5-10.8 wt. % (Talukdar et al,, 1986). The hydrogen index of
immature samples of whole rock extracts of the La Luna is about 700 mg HC/g TOC, while
calculated H/C ratios are about 1.3. Based on these geochemical observations, the La Luna is
interpreted as a product of marine deposition, with type-II organic matter dominating (Talukdar et
al., 1987). A marine origin for the organic matter is verified by kerogen petrography with the

occurrence of common amorphous marine and algal matter and rare vitrinite (Talukdar et
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al., 1986). In addition, molecular organic geochemistry also points to a marine origin for the La Luna

Formation, with the presence of steranes and terpanes being characteristic of marine origin (see

Talukdar et al., 1986; Talukdar et al., 1987).

The overlying Capacho Formation of the Maracaibo Basin also possesses high TOC values
(about 3.1 wt %) and high HI hydrogen index values (650 mg HC/g TOC) (Table X). However, its

distribution only in the southwestern part of the basin indicates this unit played only a minor role

in the evolution of petroleum deposits in the area. The underlying Apon Formation, though

regionally distributed throughout the basin, varies in carbonate facies, organic matter content, and

thermal maturity restricting its use as a potentially regional oil-prone source rock unit.

Calculations imply that the Capacho and Apon Formations combined have accounted for only 7% of

all petroleum deposits in the Maracaibo Basin while the La Luna has produced at least 90% of all

petroleum deposits (Talukdar et al., 1986). Detailed organic biomarker analyses of the Apon, La
Luna, and Capacho Formations verify that all three units have served as source rocks for
hydrocarbon production within the Maracaibo Basin, but with the La Luna Formation serving as
the primary producer for the reasons discussed above. Whole rock extracts from each of the units
possess similar concentra_'tions of normal-alkane compounds to one another, which are also observed
within marine-derived oils éresent throughout all parts of the basin. The similarity of specific

geochemical compounds within the hydrocarbons of the Maracaibo Basin, as well as the Apon, La

Luna, and Capacho Formations, are used for justification of the argument that these units are the

proposed source rocks for the region (Talukdar etal., 1986) (Fig. 3.11). Geochemical comparison to

the overlying Lisure, Colon, and Misoa shale extracts have indicated that these units could not

have served as significant source rocks for petroleum generation (Talukdar et al., 1986).
Therefore, the medial Cretaceous La Luna Formation, deposited during a relative maximum

global sea level stand, is the major MPSR unit for the Maracaibo Basin. Based on the quantity,

quality, and thermal maturity of he unit, it is estimated that for every 1km3 of La Luna source rock




that undergoes petroleum transformation, 290 x 106 barrels of oil can be generated, with total

projected deposits of 29 x 109 barrels of petroleum capable of being produced (Talukdar et al., 1987).




333 Hydrocarbon Generation i the Maracaibo Basin

Sediment accumulation from late Jurassic through Campanian in the Maracaibo Basin was
responsible for the deposition of the key MPSR unit but was not sufficient to initiate petroleum
generation (Bockmeulen et al., 1983) (Fig. 3.6). Loading of the northern passive continental margin
of South America by the eastward advancing Caribbean Plate during Tertiary times caused
foreland basin thrust loading in the area (Pindell, 1991). This initiated hydrocarbon generation of
the La Luna Formation. Because the maturation of the La Luna was a function of sediment burial
and/or tectonic overthrusting during the evolution of the Caribbean region, an assessment of the
timing of the onset of petroleum generation is possible (Pindell, 1991) (see Fig. 3.6).

Initial petroleum generation began in the northeastern part of the Maracaibo Basin during
later Eocene times with the deposition of thick fluvio-deltaic sediments, derived from the proto-
Orinoco River, inducing generation of hydrocarbon products (Sweeney et al., 1990). Oils from this
part of the basin are observed to be highly mature, with vanadium concentrations between 20-
1100ppm, while sulfur concentrations are observed between 0.5-5.2 wt. %. Combined with the
observation of a spectrum of normal alkane, and biomarker, compounds in the oils, its marine-
derived nature is confirmed (Talukdar et al., 1986). The continued eastward progression, and
deposition, of Misoa-Trujillo fluvio-deltaic sediments caused the southwestwardly progression of
petroleum generation to occur through the rest of the Eocene (Fig. 3.12a) (Talukdar et al., 1987).

The eastward broadening zone of petroleum generation was arrested during the Oligocene,

when an enormous unconformity developed with at least 9000 feet of Eocene-deposited sands being

removed in the northeast (Bockmeulen et al., 1983; Pindell, 1991). Consequently, shallow oils that

were located in northeastern Cretaceous and Eocene reservoirs of the basin were contaminated by
meteoric water intrusion (Fig. 3.12b). This is confirmed geochemically by the paucity of normal
alkane compounds in oils from the area, vanadium concentrations ranging only between 200-500ppm
and high sulfur contents (Talukdar et al., 1986). Bockmeulen et al., (1983) interpreted that this

erosional event is connected to the lowest observed sea level stands during the Cenozoic occurring




during this time (Bockmeulen, 1983). However, it is more likely that it was connected to evolving

southern Caribbean pale boundary tectonism (Pindell and Barrett, 1990).




3.3.4 Mechanism for Expulsion of Hydrocarbons in the Maracaibo Basin

Petrographic analysis of La Luna whole rock extracts has enabled the determination of
how petroleum was expelled, and subsequently migrated, as it underwent thermal maturation. The
key observations made were the following (Talukdar et al., 1986; Talukdar et al., 1987):

* limestones show thin millimeter-scale laminations of carbonate-rich-and organic-rich layers
parallel to stratification, with the organic-rich layers being thin continuous bands varying in
thickness between 10 - 200u
bitumen, in the organic-rich layers of the limestones, is present along microfractures on the

border or within bands of organic matter parallel to stratification and within connecting

microfractures, also parallel and oblique to stratification

bitumen, within carbonate-rich layers of limestones, is found in microfractures that cross-cut

stratification and within fine pores of the ca.rbbnate matrix

kerogen being found within clay-rich argiilaceous limestones as discontinuous bands parallel to

stratification

abundant microfracturing is observed in the La Luna Formation, coupled with bitumen occurring

in these fractures

low porosity (between 0-5%) permeability, and water content values being observed in La Luna

Formation at depth
These observations suggest that over-pressuring of the La Luna Formation, and overlying Colon
Shales, causing the formation of abundant microfractures within these units, and that the fractures
provided the primary mechanism of initial petroleum migration in the Maracaibo Basin (Talukdar
et al., 1987).

As liquid petroleum was generated within the unit, the volume increase would cause fluid

pressure within the unit to increase. Eventually, lithostatic pressures would have developed,

causing fracturing of the unit. These microfractures would have created pathways for the migrating

petroleum to flow in, explaining the observation of kerogen being seen primarily parallel to




stratification while bitumen was observed to be both parallel and oblique to the stratification. As
the petroleum was expelled, the system would essentially 'reset' itself, with overlying sediment
being supported by the remaining dry organic matter (kerogen) and its mineral grain host until
sufficient sediment accumulation allowed for the occurrence of another phase of petroleum
generation and expulsion. The hypothesis of over-pressuring of the shale units is verified by a
detailed comparison of shale density versus depth of key units within the Maracaibo Basin to

normally-observed shale compaction gradient calculations (Fig. 3.13) (Talukdar et al., 1987).
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Figure 3.13 - Shale density versus depth plot for an unspecified well in the western Maracaibo Basin
showing the top of overpressure zone at the Mito Juan Formation (After Talukdar et al., 1987).




3.3.5 Migration History of Hydrocarbons within the Maracaibo Basin

Using the simple rule of thumb that migrating hydrocarbons will always preferentially
travel updip towards areas of lower pressure, a comprehensive construction of the migration of
petroleum deposits in the Maracaibo is possible. Petroleum initially migrated from northeastern
parts towards southwestern parts of the Maracaibo Basin (Talukdar et al., 1986), consistent with
sediment loading occurring in the northeastern parts of the basin, causing down-to-northeastward
tilting of the basin strata. Migrating petroleum eventually relocated itself in structural highs
within Cretaceous age reservoir .sequences. While the overlying Colon Shale acted as a regional
cap for the migrating petroleum, eventually the regional seal was fractured, enabling petroleum to
migrate vértically into shallow Eocene sandstone reservoirs (Talukdar et al., 1987).

Events associated with development of the Oligocene unconformity event tectonically

disrupted the integrity of the Eqcene reservoirs, being pronounced in the northeastern section of the

Maracaibo Basin (Fig. 3.11b). Durihg Miocene times however, the collision of Panama with South
America enhanced sediment infilling of the southern portion of the basin, restarting migration of
petroleum deposits, while also allowing migration to occur both in a northwards and southwards
direction (Fig. 3.14a, b, ¢) (Talukdar et al., 1987). Because the Panama ‘collision reactivated once
dormant faults in the Miocene within the Maracaibo Basin, long-distance, horizontal, migration of

hydrocarbons was hindered. Vertical migration pathways were subsequently developed, allowing

for substantial petroleum accumulation within Eocene and Miocene-deposited reservoir rocks

-
w

(Talukdar et gl., 1987), while biodegradation has continued to occur in the northeastern parts of: the

basin, possibly a consequence of the northwards extrusion of the Maracaibo Block from western

South America. This is a direct result of the continued Cenozoic eastwards motjon of the Caribbean

Plate (Pindell and Barrett, 1990).
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Conclusions

34.1 Validation of La l.una Formation as a Prolific Passive Continental Margin MPSR

Unit as a Consequence of Wind-Driven Upwelling during the late ﬁ\edial
Cretaceous

During Cenomanian throygh Coniacian times, a global marine transgression and highstand

reached its maximum, flooding the passive margin of northern South' America (Talukdar et al.,

1986) with a prolific MPSR unit, the La Luna Formation, being deposited (Talukdar et al., 1987).
While the Mesozoic is considered as the time of substantial MPSR deposition off the northern
Venezuelan passive margin coast, throughout the Cenozoic thermal maturation and expulsion of
hydrocarbons is felt, within the context of this thesis, to have been controlled by enhanced
sediment production and deposition above the passive margin beds during this time. This was a
direct consequence pf the Caribbean Plate migrating relatively eastwards along the northern
margin of the South American Plate.

In the Maracaibo Basin of northwestern Venezuela, hydrocarbon, generation was initiated
during the Eocene, as substantial thicknesses of deltaic sediments were deposited in the
northeastern part .of the basin. This caused the progressive southwesterly migration of
hydrocarbons into Cretaceous and Eocene reservoirs, and the eastward progression of MPSR
sediment-induced thermal maturation (Talukdar et al., 1987). During the Oligocene however, the
erosion of thousands of meters of Eocene-deposited sediments arrested hydrocarbon generation and
tectonically disrupted Cretaceous and Eocene reservoirs (Bockmeulen. et al., 1983). During the
Miocene collision of Panama with South America, high sedimentation was restarted in the
southern part of the Maracaibo Basin as the ongoing island arc-continental collision produced the
uplift of the Cordillera de los Andes (Talukdar et al., 1986). Hydrocarbon migration during this
time was north and south-directed into Cretaceous, Eocene, and Miocene reservoirs as well as

continuing in a southwesterly direction (Talukdar et al., 1986).




For the late medial Cretaceous at least one paleoclimatic model predicts extensive MPSR
deposition off the northern coast of South America (Barron, 1985; Krujis and Barron, 1990). Using
the interpretation that a section of the La Luna Formation is'a passive continental margin deposit,
being situated near the equator, the northern South American coast was in an equatorial zonal
upwelling zone. This enhanced primary productivity within the overlying water column. Enhanced
preservation of deposited marine and algal organic matter is felt to be the consequence of sea-level
stand being high enough (250-300 meters above present conditions), éllowing for the establishment
of long-term anoxic conditions on the flooded continental shelf. The positioning of the continefit in a
low paleolatitude also probably arrested seasonal overturning of the water column, also
contributing to long-term anoxic conditions develop.iﬁg off the northern coast of South America.

The presence of MPSR units in the Maracaibo Basin of northwestern Venezuela shows the
potential utility of using spetific variables (determining the extent and causes of subsidence of
continental margins and shelves in low paleolatitudes, inferring the paleogeographic and
paleoclimatic conditions existing at such times, and postulating the biologic activity.and oxygen

concentrations within the water column) towards identifying other areas of significant MPSR

deposition. The next step is the determination whether or not wind-driven upwelling can actually

produce sufficient, commercial-size, quantities of organic matter for hydrocarbon deposits awaiting
petroleum conversion. The late medial Ordovician Taconic Collisional Foredeep Basin provides an
useful opportunity to test this hypothesis regarding the quantity of wind-driven upwelling marine
organic production, since the key stratigraphic unit (the Utica Formation) was deposited at least 20

Myr before the deyelopment of significant plant forms on continents.




CHAPTER 4: REGIONAL OVERVIEW AND GEOCHEMICAL ANALYSIS OF THE TACONIC

FORELAND BASIN, MEDIAL ORDOVICIAN: THE UTICA FORMATION AS A PROLIFIC,

SPENT, MARINE PETROLEUM SOURCE ROCK (MPSR) UNIT

4.1 Introduction
Sedimentary and tectonic effects resulting from the destruction of the eastern passive

margin of Laurentia (proto-North America) through the later Ordovician can be seen from

Newfoundland to Alabama. Following extensive platformal deposition on the Appalachian

passive margin from Cambrian through early Ordovician times, the carbonate bank was uplifted,
eroded, and subsequently drowned (Bird and Dewey, 1970; Rowley and Kidd, 1981; Bradley and
Kusky, 1986). This was accommodated partially by eastward regional tilting and in part by motion
on normal fault blocks in the upper part of the subsiding lithosphere (Bradley, 1989). Eventually
this would form a minimium 100 kilometers-wide normal faulted zone flanking the allochthonous
Taconic thrust sheet of eastern New York and western New England (Fig. 2.3) (Bradley and Kidd(
1991).

The loading, consequent lithospheric flexure, drowning of the passive margin, and
attempted subduction of the proto-North American continent was due to the collision of the margin
with a subduction complex at the leading edge of a magmatic arc during the medial Ordovician
(Rowley and Kidd, 1981; Bradley and Kidd, 1991). Due to the oblique collision between the arc and
the probably irregular-shaped Appalachian passive margin, a diachronous shelf drowning
sequence developed on the rifted passive margin (Bradley, 19895. In addition to the closure of a
minimum 500-900 kilometers wide 'proto-Atlantic' ocean, the Iapetus, the collision of the island
arc with the margin produced a flexural foredeep, the Taconic Foreland Basin, spanning over 130

kilometers width in central New York (Fig. 2.1) (Hay and Cisne, 1988).




As the Taconic Orogeny progressed, the deposition of terrigeneous-derived argillaceous and
arenaceous sediments in the Taconic Foreland Basin showed a change from platformal to flysch
sedimentation (Bosworth and Vollmer, 1981). A direct consequence of the Taconic Orogeny, the
destruction of the Appalachian passive margin is recorded by erosion in the basin followed by an
upward-deepening succession of carbonates, shales, and flysch (Bradley, 1989). Prior to this major
tectonic event, the lithologic facies in the area of the Taconic Foreland Basin show evidence of a
global-transgressive event occurring throughout Cambrian times, followed by an episode of
shallowing in the early medial Ordovician, followed by the Taconic loading of the Appalachian
passive margin during Ordovician times (Titus, 1988; Bradley and Kidd, 1991). A summary of the

tectonic evolution of the Taconic Foreland Basin, complied from previously published data, is

presented. This will highlight aspects relevant to the development of the hydrocarbon potential

of the Taconic Foreland Basin. Also, new, detailed organic and geochemical analyses of the
foredeep sediments make it possible to infer the primary productivity, oxygen concentrations, and
the quality, quantity, and thermal maturation of organic matter within the foredeep. This shows
that the late medial Ordovician Utica Formation was a prolific MPSR unit during optimum times
of hydrocarbon generation. This was a direct result of the drowﬁing of the Laurentian passive

margin within a low paleolatitude during late medial Ordovician times.




Regional Overview of the Taconic Foreland Basin, eastern New York

4.2.1 Geologic Setting

A schematic diagram highlighting the series of stratigraphic units comprising the Taconic
Foreland Basin (Fig. 4.2), shows that it occurred at the time of the widespread deposition of Upper
Ordovician carbonates and shales. This is inferred to be indicative of the largest-inferred marine
submergence of Laurentia (proto-North America) during the Paleozoic (Fig. 4.1) (Longman and
Palmer, 1987). Following extensive, transgressive, platformal sedimentation from early Cambrian
through early Ordovician times, the Taconic closure of the 'proto-Atlantic’ caused qplifting of the
shelf, with subsequent block faulting and burial with thick transgressive black, basinal, shales and
turbidites (Bradley and Kusky, 1986).

The basement of the Taconic Foreland Basin sequence are Grenville-age (Fig. 4.2)
metamorphic and plutonic rocks that became the ‘continental margin of the North America craton
by Cambrian times (Bradley and Kusky, 1986). Lying disconformably above it in the presently
autochthonous platform is the medial Cambrian Potsdam Sandstone (Fig. 4.2), a basal siliciclastic

unit. With its total thickness in the Mohawk Valley between 0-30 meters, it is indicative of the

initial phase of marine transgression.on this part of the passive margin (Bradley and Kusky, 1986).

It is followed conformably by a package of carbonate rocks, the upper Cambrian through lower
Ordovician Beekmantown Group, whose total thickness is between 0-230 meters in the Mohawk
Valley. Both the Potsdam Sandstone and the Beekmantown Group are products of thermally-
driven subsidence of a passive margin, as it was also experiencing a long-term episode of gradually
rising sea-level (Bradley and Kusky, 1986).

Above this initial suite of carbonate rocks, there is a early middle Ordovician unconformity
upon which lie a second package of cari:onates, the Black River and Trenton Groups (Fig. 4.2)
(Bradley and Kusky, 1986). The existence of the unconformity has been interpreted as the initiation
of 'interaction’ between the Laurentian passive margin and the oncoming island arc, culminating

with the Taconic Orogeny in the medial Ordovician (Rowley and Kidd, 1981 ; Bradley and Kidd,
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1991). As the continental shelf passed through a flexural bulge, formed in response to the bending of
the lithospheric plate, the initial Cambri.an through lower Ordovician carbonate sequence was
variably eroded; in some small sections of the Taconic Foreland Basin, the Black River Group even
lies unconformably above Grenville-age basement rock (Bradley and Kidd, 1991). The total time
that the erosional event represents is estimated to be about 5 Myr. (Bradley and Kusky, 1986). This
second suite of carbonate rocks is a déepening-upward sequence, representative of the continental
shelf being subsequently drowned after passing over a flexural bulge (Fig. 4.2).

Closer examination of the Trenton Group reveals oscillating sea-level changes
superimposed upon the accelerating subsiderice of the Trenton Group (Titus, 1988). The basal unit of
the Trenton Group is the Napanee Limestone (Fig. 4.3). It is a thicK-bedded, fossiliferous,
calcisiltite indicative of a lagoonal depositional environment under oxic conditions (Fig. 4.4) .(Titus,
1988). The overlying, conformable, Kings Falls and Sugar River Limestones are representative of
the first transgressive/subsidence pulse of the medial Ordoviciaﬁ (Fig. 4.3). Acgorging to Titus
(1988), the lower Kings Falls Limestone, a thick-bedded coarse calcarenite,- shows Prirhary
physical structures indicative of an offshore barrier shoal environment (Fig. 4.4) (Titus, 1988).
Conformable strata overiying the Kings Falls and Sugar River Limestones continue to become
thinner-bedded and finer-grained supporting the interpretation of a transgressive pulse occurring
during medial Ordovician times (Titus, 1988). The first pulse of transgression reached its climax
with the deposition of the lower Denley Limestone (Poland Formation) (Fig. 4.3), a thick-bedded,
fine-grained limestone, with the paucity of algal deposits and the abundance of graded units
highlighting its deeper-water depositional environment. Further upsection into the Denley
Limestone, (Russia Formation) the occurrence of blue-green algal-generated stromatolites (?) and
lamination in micrites, coupled with various physical primarystructures such as cross-bedding,
graded beds and intraclasts however, are indicative of an intermediate period of shallowing
occurring within the foreland basin (Fig. 4.4) (Titus, 1988). Evidence for the intermediate period of

shallowing within the Trenton is further strengthened by the sedimentoloéical nature of the lower

76




HUDSON VA LEY

COBOURGIAN
HOWADAG AN

DENMARKIAN

CANAJOHARAN

r River Ls.

SHORE
HAMIAH|

|

9

PHASE

. Kinrgs Falls
ool

L f 1
_‘/;;:c’;i[_ .

]
bt

a
=
-
-
X
&
X
o
Zz
<
-
x
1

VERMONTIAN

1AN
TURINIAN

[ro

Figure 4.3 - Stratigraphy of the Trenton Group. Vertical lines are based from outcrops that Titus (1988) had
studied {After Titus, 1988) Area studied approximately covers 150 kilometers.




e fiuin3d23Q
0|E3= ajxuapisqng

e e e

TS T

2QeIS 1SN e

DEEP SHELF

SHALLOW
SHELF

DISSIPATION

w

-l

w w
@ -

"
z x ?

- I z
a n
< O o ST I
o - w 3 |w
.= W w

0 «
Lz o |8
W< v |«
LA “

|
i

buvadaag
syuepisgng

[
d

- = . . ,
AN \ N
TR
e}
- I
o ®
©
o
[
i
¢ NYOYQYMON HYHYHOrYNYD HYINIEN]
L
3 . %%._. NI NYI
2 NYIOUNOHOD Neinyvy N3O | yaons|013tansix] -onv D0

x w “ X
N . L L. ey - W Sl @ 3
[ - L I T I T T I T T T

-

v

-

[

>

8

>

@

[}

E

¥

e

(o9

[o W)

«

3 .

d)

(=]

28
—t

8a

<2

s

u

150 kilometers (After

Figure 4.4 - Facies pattern of the Trenton Gro



Steuben Limestone, a clean, sparry, thick calcarenite (Fig. 4.3) (Titus, 1988). According to Titus
(1988) however, the second phase of global transgression was soon re-initiated, evidenced by the
deposition of the Hillier Limestone (Fig. 4.3), a micritic fiﬂe-graine;i, thin-bedded limestone,
indicative of a shallow shelf transition into deeper shelf conditiohs (Fig. 4.4) (Titus, 1988).

Using stratigraphic thicknesses and geologic age determinations from Fisher (1977), Hay
and Cisne (1988) concluded that the combined sedimentation rate for' the Trenton Group was between
20-301’n(Myr)’1 (Hay and Cisne, 1988). The potential error associated with this calculation is large,
given the current uncertainties of geologic age determinations, and variable stratigraphic
thicknesses of units within the Taconic Foreland Basin. The dating of bentonites within the Utita
Formation will ultimately produce more accurate sedimentation rates of the Trenton Group, and
overlying units within the Taconic Foreland Basin originally determined by Hay (1982) and ‘Hay
and Cisne (1988) (Delano, personal communication; 1992).

Continued progression upward and eastward into the section shows the Trenton Group being
replaced by the Dolgeville Formation (Fig. 2.2), which represents a.band of transition between the
distal shelf and deeper-water deposits. In places it is composed of slump-folded, micritic ribbon
limestones and hemipelagic, dark-gray to black, calcaréous graptolitic shale (Hdy dnd Cisne,
1988). It is currently thought that the Dolgeville Formation représents a gentle slope between the
edge of the platform and deeper basinal shale conditions (Tifus, 1988). Deposition -rates of the
Dolgeville Fotmation are estimated to have been between 40—80r’n(Myr)11 (Hay and Cisne, 1988).
As with the Trenton-Gtoup, the potential error associated with this calculation is large, given the
current uncert4irities of geologic age determinations, and variable stratigraphic thicknesses of anits
within the Taconic Foreland Basin. In turn, the Dolgeville grades upward and eastward into the
Utica Formation, a dark-gray to black, fissile, finely laminated, hemipelagic shale with
sedimentation rates estimated to have been between 50-100m(Myr)~1 (Hay and Cisne, 1988) (Fig.
4.3). Again, it must be emphasized that this sedimentation rate is associated with large potential

errors, given the current uncertainties of geologic age determinations, and variable stratigraphic
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thicknesses of units within the Taconic- Foreland Basin. Based upon structure contour techniques,
using geologic maps of Fisher (1979), in this study (see Appendix I), the stratigraphic thickness of
this unit is about 300 meters in the eastern transect. A measured section within the western transect
is 225 meters, and the unit thins to about 60 meters further to the northwest (Kidd, personal
communication, 1993). While thicknesses of the Utica Formation can not be determined accurately
east of the Hoffmans Fault, it is improbable that the Utica Formation there is much thicker than
approximately 300 meters. The Utica Formation is diachronous, younger to the west. The base of
the Utica Formation at Canajoharie, New York is in the Corynoides americanus graptolite zone of
Riva (1974), while 105 kilometers further west at Frenchville, New York, it lies three zones higher
within the Climacograptus pygmaeus graptolite zone (Fig. 2.2) (Bradley and Kusky, 1986).

Above the Utica Formation lies the Frankfort Formation, a gray shale and siltstone with
thin sandy turbidites (Zerrahn, 1978), indicative of. the depositional environment changing from an
outer trench slope to a trench floor environment (Fig. 4.2) (Hay and Cisne, 1988). Being also time
transgressive, the contact between the Utica Formation and overlying submarine fan deposits of the
Frankfort Formation lies within the C. spiniferus graptolite zone near Amsterdam, New York,
while 75 kilometers further west in Utica, New York, it is within the C. pygmaeus zone (Fig. 2.2)

(Hay and Cisne, 1988). Sedimentation rates for the Frankfort Formation are estimated between 200-

250m(Myr)-1, with potential errors associated with this sedimentation rate being large for the

same reasons stated above for the underlying units. Deposition of the Frankfort Formation signaled
the end of the active convergence of the Taconic Orogeny. After its completion, the foredeep
subsequently rebounded and was filled with east-derived, late Ordovician through Silurian, non-

fossiliferous green and then red hematitic clastics of the Lorraine Group (Zerrahn, 1978).
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4272 Tectonic Evolution of the Collisional Foredeep

From the distal shelf to the basin floor, spanning over 120 kilometers, the Taconic Foreland
Basin sloipe is cut by a series of northeast-trending, steeply eastward-dipping normal faults (Fig.
2.3) (Bradley and Kidd, 199D). The faults are generally space& 10-20 kilometers apart with
displacements on the faults ranging from several meters in the western part of the basin to several
hundred meters in the eastern part of the basin (Bradley and Kusky, 1986). Most faults strike
parallel to the Taconic thrust-front, except in the extreme west of the foredeep. The noﬂgmal faults
throughout the collisional foredeep are a consequence of lithospheric flexure of the eastern
Laurentian carbonate platform due to loading by the Taconic thrust wedge (Fig. 4.5a, b) (Bradley,
1989).

As the drowning of the Appalachian passive margin progressed, within the foreland basin
the normal faulting of the outer slope migrated cratonward (Fig. 4.5¢) (Bradley and Kidd, 1991).
This was a result of the underthrust plate being bent beyond its elastic limit (Bradley and Kidd,
1991). In addition, regional eastward tilting, shown by the medial Ordovician ‘facies, was
associated with the syn-Taconic Orogeny cratonward fault development. Justification for the
interpretation that the faults are medial Ordovician are (Cisne et al, 1982): .
o the thinning, pinchout, and local absence of stratigraphic units across the top of horsts
¢ the presence of thicker stratigraphic units within grabens than on adjacent horsts
o all of the normal faults are observed to die out within Ordovician strata

(Bradley and Kusky, 1986)

The diachronous nature of the arc-passive margin collision is also highlighted by the observation
that faults in the eastern part of the basin were active longer and accumulated greater
displacements than those in the western part of the Taconic Foreland Basin (Bradley and Kidd,

1991).
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42.3 Depositional Environment of the Taconic Forelanci Basin

Hay and Cisne (1988) compiled an extensive set of organic geochemical and paleobiological
data in order to assess the depositional conditions of the collisional foredeep during the deposition
of the various medial Ordovician stratigraphic units. Overall, it was determined that total
organic carbon content changed downslope into the basin, with concentrations of 0.1-0.5 wt. % Corg
found within the carbonate shelf sequence (Trenton Group), concentrations of up to 1.0 wt. % Corg on
the upper slope (Dolgeville Formation) and concentrations of between 1.5-3.5 wt. % Corg on the
outer slope (Utica Formation) (Hay and Cisne, 1988). Sediments deposited on the basin floor
(Frankfort Formation) reversed the general trend with values averaging 0.4 wt. % Corg. However,
the integration of total organic carbon (TOC) data reported by Hay (1982) and Hay and Cisne

(1988) into this study, for the development of a more comprehensive assessment of the Taconic

Foreland Basin, was not possible. Hay (1982), as well as Hay and Cisne (1988), published organic

and carbonate carbon concentrations only from graptolite-correlated sections of the eastern-most

deformed section of the Taconic Foreland Basin. TOC and carbonate carbon data from the bentonite-
correlated sections of the central and western parts of the basin was not published as unmodified
data. Recently pgbli;h_ed data also shows conclusively tﬁat bentonite correlations made by Hay
and Cisne (1982) are incorrect (Delano et al., in press). This consequently invalidates any initial
conclusions regarding organic carbon concentrations within the Taconic Foreland Basin which were
based upon Hay and Cisne's (1988) previous attempts. In addition, the manipulation of reported
stratigraphic sections of the Taconic Foreland Basin into 'standard-meter incrementé' by Hay (1982)
and Hay and Gisne (1988), .supposedly done for the compensation of different sedimentation rates
across the basin, does not allow for the accurate determination of the original stratigraphic
positions of samples plotted in graphs. The omission of the original stratigraphic position of
samples, as well as the absence of detailed explanations of the techniques and reasoning used for

the manipulation of the original data set, casts doubts on some of the conclusions presented by Hay

(1982) and Hay and Cisne (1988). The reported long term ‘anaerobic phases' recognized by Hay and
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Cisne (1988), interpreted by them as due to changes within the basin and the world ocean, are
based largely on stratigraphic sections from Canajoharie and Nowadaga Creeks. Original
bentonite correlation attempts by Hay and Cisne (1988) suggested that these sections were
contemporaneous in nature. New bentonite correlations attempts, based on.major and trace element
concentrations of melt encapsulated with quartz phenocryst hosts, now yields conclusive evidence
that this was not the case; there was little overlap on time between stratigraphic séctions from
Canajoharie and Nowadaga Creeks (Delano et al., in press). In addition, while Hay and Cisne
(1988) have reported a complete Canajoharie Creek section of the first 100 meters of the Utica
Formation to verify their proposed ‘anaerobic phases’, Nowadaga Creek misses key stratigraphic
sections that are reported by Hay and Cisne (1988) to represent times of these reported anaerobic
phases. Tilting within the incompletely exposed Nowadaga Creek section must also have
complicated the exact deterrhination of original stratigraphic position of the samples.
Geochemical inferences for the existence of previously unmapped faulting within the Taconic
Foreland Basin are disciissed in a section below. Therefore; conclusions that were made by Hay and
Cisne (1988) and Hay (1988), must be treated cautiously. In particular, the first order increase in
TOC values is primarily based on data from Nowadaga“Creek only. The existence of pronounced'
tilting, and: probable faulting, within this section therefore requires that this interpretation must
be accepted, and- freated, with caution.

The first-order increase of organic carbon both through time:and downslope within the
basin-was interpreted by Hay and Cisne (1988)-as the result of the combined effects of lithospheric
flexure of the sibducting plate and an extensive global marine transgression raising sea-levels up to
200-300 meters above- present conditions. This enabled the establishment of long-term anoxic
conditions on the outer slope of the foredeep. The observed TOC reversal within the Frankfort
Formation was probably the result of unstable 'conditions existing at the basin floor allowing for
episodic remixing of the bottom of the water column by turbidites, with associated regeneration of

O2 concentrations in this part of the water column. It is also possible that the decrease in TOC




values observed within the Frankfort Formation was due to an increased clastic sedimentation rate
(Delano, personal communication, 1993).

The interpretation that oxic conditions were present on the carbonate shelf, while suboxic
conditions existed on the upper slope and basin floor, and anoxic conditions on the outer slope is

strengthened by a similar variation of authigenic pyrite concentrations in the associated sediments.

Authigenic pyrite, indicative of anoxic conditions (Stein, 1991), is found in the Dolgeville and

Utica Formations as distinct parallel laminae at apparently random intervals, while considerably
less pyrite is found within Frankfort and Trenton Group rocks (Hay and Cisne, 1988). Séme trace
fossils with an associated impoverished benthonic community occur within the Utica Formation,
while the diversity and number of benthonic organisms within the Frankfort Formation is greater
than observed within the Utica Formation (Ha;y and Cisne, 1988). Vertical burrowing within the
Trenton Group is common, with a high degree of bioturbation relative to other sediments in the
foredeep (Hay and Cisne, 1988). Hay and Cisne's (1988) field observations of well-developed
fissility, uncommon benthic biogenic structures, and the occurrence of fine laminations within the
Utica Formation were believed indicative of anoxic conditions (<0.1mlO2/1.0lH20) being
established on the outer slope of the foredeep (Hay and Cisne, 1988). However, observations of
Utica Formation bentonites being mixed with overlying shale points to the p.robable existence of
intermittent dysaerobic conditions during deposition of the Utica Formation (Delano et al., 1990;
Delano, personal communication, 1992). Dysaerobic conditions for the Dolgeville Formation, the
approximate location of the carbonate-slope transition, and for the Frankfort Formation, the area
of the basin floor, are inferred by the occurrence of horizontal burrowing being more common in

these, than in the Utica Formation (Hay and Cisne, 1988).




4.2.4 Paleoecological Assessment of the Collisional Foredeep

Oxic conditions (21.0m102/1.01H70O) were established on the carbonate shelf during the
deposition of the Trenton Group, as shown by the evidence of strong bioturbation, the presence of
comparatively rich faunal assemblages, and relatively low Corg concentrations within the unit
(Hay and Cisne, 1988). However, the faunal assemblages present within the Utica Formation,
while containing abundant planktonic organisms, show evidencé of an impoverished benthic
(bottom-feeding) community and increased Corg and Spyrite concentrations. This would have been a
consequence of decreasing O2 concentrations downslope into the basin (Hay and Cisne, 1988). Minute
parallel laminations, elevated authigenic pyrite concentrations and increasing TOC concentrations
towards the thrust front, reaching a maximum on the outer slope, are the primary pieces of evidence
pointing to the establishment of more pronounced reducing conditions where the Utica Formation-
was deposited (Hay and Cisne, 1988).

The next question to be answered is what type of organism(s) could have been produced in

sufficient quantities to serve as the organic matter source. The fact that the Taconic Orogeny

occurred in the late medial Ordovician, and that presently it is believed that the establishment of
land plant organisms did not occur until the late early Silurian, (Spicer, 1989) precludes a
terrigeneous-derived organic source. Therefore, only an autochthonous marine source, a type-II
kerogen, could serve as the type of organic matter produced in the Taconic Foreland Basin. While
research has determined that a 'primitive’ prokaryotic (no definable nucleus) organism, classified
as Gleocapsamorpha prisca, was the key late medial Ordovician marine organism, debate still
exists as to its biological nature (Longman and Palmer, 1987). One hypothesis is that this organism
was similar to the cyanobacteria blu'e-green algal mats, as presently seen in Abu Dhabi (Longman
and. Palmer, 1987). However, the organic geochemistry of such organisms requires the presence of
certain key biomarkers within late medial Ordovician-derived oils, such as pristane and phytane,
observed in present-day blue-green algal mats, but not observed in late medial Ordovician-derived

petroleum oils (Longman and Palmer, 1987). Therefore, while it has been’ proposed that the key




marine organism was benthonic on the outer slope of the foredeep, it has also been postulated that

it was planktonic, periodically blooming above the photic zone, subsequently falling through the

water column as 'organic rain' (Longman and Palmer, 1987).




425 Late medial Ordovician Paleoclimatic Reconstruction

Uncertainties of paleoclimatic reconstruction are increased with increasing age
(Caradocian) because of errors associated with paleo-positioning. For example, there are no
paleomagnetic poles for positioning Baltica during the Cambrian and Ordovician (Scotese and
McKerrow, 1990). Therefore the maps become more dependent on qualitative techniques, which
could introduce larger errors.

Based upon paleomagnetic data alone, Van der Voo (1988) determined that the Laurentian
craton (proto-North America) was in an equatorial position throughout Ordovician times. It was
hypothesized that Laurentia subsequently rotated clockwise about 45° (Van der Voo, 1988). An
equatorial positioning of proto-North America during Ordovician times is strengthened by the
observed symmetric distribution of evaporites at around 15° latitude north and south of the equator
(see Van der Voo, 1988). Recent examination of paleoclimatic indicators have confirmed the
equatorial positioning of Laurentia, differing by only 10° latitude from the position determined by
paleomagnetic data alone (Witzke, 1990). However, more recent paleogeographic reconstructions
(Witzke, 1990) have placed Laurentia much closer to the paleoequator, so that this may affect the
distribution of paleoclimatic indicators, upwelling zones, and prolific MPRS units determined
within the context of this thesis.

Using paleogeographic maps generated by Ziegler et al. (1987), Parrish predicted mid-
latitude coastal upwelling off the northwestern coasts of Laurentia, Gondwana, and Siberia (Fig.
4.6). However, these are all speculative because all possible marine petroleum source rocks (MPSR)
deposited within this region during the early Paleozoic have been consumed. However, marine
petroleum source rock deposition off the eastern coast of Laurentia, not proposed from qualitative

modeling attempts, could have.still existed during Ordovician times. Upwelling zones proposed by

Parrish (1982) are only a result of coastal upwelling, which is presently the dominant upwelling

mechanism producing elevated levels of productivity. However, there are additional upwelling

mechanisms that could have produced substantial upwelling during« times of significantly




Figure 4.6 - Continental configuration and predicted upwelling ztries during Landelio-Caradoc (late medial
Ordovician) times. Stippled areas = proposed upwelling sites. Upwelling zones from Parrish (1982).
aleccontinental configurations from Scotese (1980).
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different continental configuration and sea-lével stand. One such mechanism that is proposed in the
context of this thesis to have developed off the proto-North American coastline during late medial
Ordovician times is that of channeled-flow upwelling. This variant of wind-driven upwelling
occurs usually in an elongated seaway where surface winds are channeled allowing for high
primary productivity upwind (Parrish, 1982). This is currently observed in the Gulf of California
with upwelling occurring on the mainland side, when winds prevail from the north and parallel
the long-axis of the gulf.

During the late medial Ordovician, using paleoclimatic qualitative modeling, Parrish
(1982) predicted that during summer intervals surface winds would have been derived from the
north and would have traveled in a direction parallel to the then northeast-southwest trending
coastline of Laurentia. Paleomagnetic data, as well as paleoclimatic data, is consistent with the
(current southeastern) Laurentian craton margin being aligned in a northeast-southwest trending
orientation (Fig. 2, of Van der Voo, 1988; Fig. 2, of Witzke, 1990) throughout Ordovician times. Also
at this time, several island arcs, also in a northeast-southwest trending direction, existed off the
(present eastern) margin of Laurentia, colliding with each other and Laurentia progressively. This
collision had initiated in the north during the early Ordovician and culminated in late meciial
Ordovician with the Taconian Orogeny. The volcanic arc would have served as the border to the
elongated seaway and the southwestward directed surface winds, causing southeastward directed
transport of the water, would have produced channeled-flow upwelling. Inferred high sea-level
stands (Haq et al., 1987) would have allowed for the preservation and deposition of organic-rich
rocks cratonward onto the continent. The comparison between the Gulf of California and the Taconic
Foreland Basin must be accepted cautiously however; currently the Gulf of California is more
restricted than the proposed Taconic Foreland Basin Seaway. In addition, sea-level stand is not
nearly as high presently as it was during the Caradocian. The key point is that based solely on non-
numerical modeling, organic-rich facies present in the Taconic Foreland Basin provides strong

evidence for a wind-driven paleo-upwelling zone existing at that time and loeation.




Another possibility for extensive MPSR deposits. off the eastern coast of Laurentia is that
the enhanced preservation of organic matter occurred because it was essentially an anoxic silled

basin (the modern analog being the Black Sea (Demaison and Moore, 1980)). Given the fact that it

was probably in a low paleolatitude, seasonal overturning would not have occurred, allowing for

long-term vertical stratification of the water column. It is more -probable that a combination of
high primary productivity and enhanced basinwide stratification, encouraging anoxic conditions,
enabled extensive MPSR deposition off the eastern coast of proto-North America. Using techniques
developed by derived by Betzer et al. (1984) to ascertain organic carbon fluxes_into the ocean,
assuming that primary productivity at 250gCorgm‘2yr‘1 and water depth at 250m,the carbon flux
reaching the ocean floor would have been about 30g(§orgm'2yf'1. Even if primary productivity, was
much lower, as seen with the Black Sea, with enhanced preservation due to structural forms that
may have protected an, anoxic environment from open-oceanic circulation, extensive MPSR

deposition was highly probable. It is probable that both mechanisms operated during the medial

Ordovician, producing an extensive MPSR deposit awaiting thermal maturation.

1




43 Geochemical Analysis of the Taconic Foreland Basin

4.3.1 Pyrolysis Analysis of Representative Transect of the Taconic Foreland Basin

A suite of samples from the Taconic Foreland Basin (Table VII) was chosen for the
determination of the quantity, quality, and thermal maturity of organic matter within the basin by
programuned pyrolysis analysis (Table XI). Analyses were performed by Texaco Inc. From this data,
modeling of the original total organic carbon content of the foredeep, and the theoretical production
rate of hydrocarbons following maturation, was ascertained.

Calculations based upon vitrinite reflectance, averaging 2.1% throughout all parts of the

basin (Bissada, personal communication, 1993), show that all of the hydrocarbons have been

expelled (Fig. 7.5, of Waples, 1980). Vitrinite reflectance is based upon the principle that the
percentage of light reflected back upon shining light on vitrinite particles within a sample is
directly proportional to its thermal maturity (see.Waples, 1980). A plot of oxygen indices versus
hydrogen indices of samples from the Taconic Foreland Basin confirms its highly mature nature,
with all points plotting near the origin, while immature predominantly type-I and type-II kerogen
would plot with higher hydrogen indices, indicative of their high hydrocarbon-generative
potential (Fig. 4.7).

However, these values of the Taconic Foreland Basin samples must be taken as absolute
minimums for several reasons. Hay (1988) reported that the mineral matrix of the Utica Formation
was predominantly an illite/ montmorillonite clay particle mixture, which is capable of retaining
up to 85 percent of pyrolytic products (52) by adsorption upon the mineral matrix (Peters, 1986). In
addition, highly mature samples usually lack a S2 peak or concentration, a lack which is observed
in all the samples from the Utica, Frankfort, and Dolgeville Formations, since all potential organic
matter has already been cracked (thermally decomposed). Because all samples were acquired at
least 6 to 12 inches from the outcrop surface, possible depletion in 51 and S2, and an increase in S3,

values due to weathering were eliminated. Also, because all samples were air dried before being
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stored, the growth of fungi on wet samples, which could affect programmed pyrolysis by increasing
S1, S2, and S3, was averted (Peters, 1986).

Since all organic matter within the foreland basin is either type-I or type-II in nature, the
determination of the approximate original total organic carbon content is possible. By knowing.the
present-day H/C ratio of a kerogen and its thermal maturity (%Rp), an assessment of the H/C ratio
_of a kerogen when it was thermally immature can be made (Table XI) (Waples, 1980); consequently
one can calculate the original TOC values of a kerogen during its deposition (Waples, 1980). The
determinations of the stratigraphic positions samples from the Utica Formation were
accomplished by the use of structural contouring principles. For methods concerning the
determinations of the inferred stratigraphic positions of the samples see Appendix I. In
collaboration with Texaco Inc., three possible scenarios of the type of organic matter deposited on
the outer slope of the Taconic Foreland Basin have been pursued. Presently the average TOC value
of the Utica Formation is 2.02 wt. % (range 0.47-2.87 wt. % TOC) (Table XI) (Fig. 4.8a). Several
relative total organic carbon (TOC) maximums are seen from the analyzed sample data from this
study. It would be tempting to identify these as the same maximums proposed by Hay (1982) and
Hay and Cisne (1988). However, without the original stratigraphic position of their collected
samples, or a detailed explanation of the re-normalization procedure used to standardize their
samples, independent confirmation from this study of their TOC maximums within the Utica
Formation is impossible. It is highly unfortunate that this is the case; independent verification of
Hay and Cisne's (1988) proposed stratigraphic TOC maximums would have strengthened the
argument that the Utica Formation has served as an extensive MPSR unit. However, recent work
(Delano et al., in press) has indicated that initial attempts made by Hay and Cisne (1988) to
reconstruct the original stratigraphy of the Taconic Foreland Basin was incorrect. In addition the
TOC variations in the within sample suite from the Utica Formation in this study highlights the

need for more dense sampling of the unit and the need for independently correlated, stratigraphic

positioning of samples. It is probable that additional relative TOC maximums exist within the
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Figure 4.8a - Gra’?h of present day FOC values (%) versus stratigraphic position (meters) of samples from the

le, and Frankfort/Schenectady Formations of the Taconic Foreland Basin. Open circles =

Utica, Dolgevi
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stratigraphic units not yet identified. This is because the TOC variation seen within the densely

sampled basal 20 meters of the Utica Formation is as wide as variations seen throughout the entire
stratigraphic thickness of the Utica Formation (Fig. 4.8b). Additional TOC sampling of the Utica
Formation could show additional maximums existing within the Utica Formation; I suggest that
this strong variation in one short stratigraphic interval casts doubt on the existence of only four
TOC maximums within the Taconic Foreland Basin as Hay and Cisne (1988) propose.

If the organic matter present within the Taconic Foreland™ Basin was all of an
allochthonous-algal (plant) type-I origin, then approximately 35 percent of the total original
organic carbon remains, and the average original organic carbon content within the basin was 5.76
wt. % (range 1.34-8.20 wt. % TOC) (Table XII) (Fig. 4.8b). If instead it was of autochthonous-marine
type-II origin, then 50 percent of the total original organic carbon remains, with the average
original TOC values at a minimum of 4.03 wt. % (range 0.94-5.74 wt. % TOC) (Table XII) (Fig. 4.8b).
A mixture of type-I and II kerogen matter would have produced an average original TOC value
within the basin of about 5.04 wt. %, (range 1.18-7.18 wt. % TOC) (Table XII) (Fig. 4.8b) with 40
percent of the original organic matter presently remaining (Bissada, personal communication, 1993).
Based upon the reported TOC values from Texaco Inc. (Table XII), it is interpreted that the suite of
samples chosen for this study is;geographicall);, as well as stratigraphically, representative of the
Taconic Foreland Basin (Bissada, personal communication, 1993). The sampling density of the
stratigraphic thickness of the Utica Formation is within parameters (10-30 meters) recommended
by Peters (1986) for the effective assessment and interpretation of pyrolysis data (see Peters, 1986).
Also, since the variation of TOC values within localized sections of the Utica Formation, such as
the Canajoharie section of the pyrolysis transect, is within the same range of values seen
throughout the entire transect, the potential problem qf one more densely sampled section of the
transect dominating thé entire transect has been avoided.

Using the type-II kerogen case as a minimum, based upon calculations from Brooks et al.

(1987), for every 1km3 of Utica Formation within the basin undergoing thérmal maturation, (as a
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Figure 4.8b - Graph of initial total organic carbon (TOC) values (%) modeling versus strati raphic position
(meters) of samples from the Utica, Dolgeville, and Frankfort/Schenectady Formations of the Taconic
Foreland Basin. Stars = Case A : 100% type-I oréginal kerogen; Diamonds = Case B : 100% type-Il original
kerogen; Open circles = Case C : 66% type-l / 33% type-ll initial kerogen mix.
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consequence of foreland basin thrust loading or sediment burial), at least 175 x 106 barrels of oil
would have been generated during optimum conditions. Comparing this to calculated production of
the late medial Cretaceous La Luna Formation, which is the source rock for the Maracaibo Basin,
290 x 106 barrels of oil per 1km3, demonstrates that the late medial Ordovician Utica Formation
must have been an extensive, prolific, marine petroleum source rock (MPSR) unit, although it is now
completely spent.

A more difficult question to resolve is when did hydrocarbon production within the Utica
Formation actually commence. Based upon the observation that large-scale productioﬁ of
hydrocarbons from type-II kerogen begins at 80°C (Brooks et al, 1990), and assuming a continental
lithospheric thermal gradient of .25°C/km, at least 3.2 kilometers of sediment burial would have
been needed to initiate hydrocarbon production within the Utica Formation. With the combined
stratigraphic thickness of the overlying late Ordovician Lorraine Group and Queenston
Formations (approximately 500 meters), petroleum conversion could not have occurred in the
sampled portion of the Taconic Foreland Basin during Ordovician times. The existence of the
Silurian unconformity within the Taconic Foreland Basin makes it tempting to hypothesize that
hydrocarbon generation could have commenced as early as Silurian times, being arrested following
the occurrence of the major erosional event. This would have been similar to the arresting of
petroleum production from the La Luna Formation within the Maracaibo Basin during Oligocene
times (Bockmeulen et al., 1983; Pindell, 1991). This would necessitate the existence of Silurian-age
derived oils sfxowing the effgcts of contaxjn'ination. Howegver, even allowing for erosion below the
Devonian-Silurian unconformity, it is unlikely that sufficient quantities of Silurian sediments were
deposited to initiate petroleum generation during Silurian times (Kidd, personal communication,

1993). A more plausible explanation is that the deposition of at least 2.5 kilometers of Devonian-

age sediments within the eastern Acadian Foreland Basin triggered full-scale petroleum production

from the Utica Formation during late Devonian times about 370 Myr ago.




4.3.2 Verification of Anoxic Conditions During Deposition of the Utica Formation

Authigenic pyrite is formed by the reaction of detrital iron minerals with H2S, while H3S,

in turn, is produced from the reduction of interstitial sulfate by bacteria using sedimentary organic
matter as a reducing agent and as an energy source (Berner, 1983). The general scheme of the key
reactions governing Spyrite formation (Fig. 4.9), shows that three components, (a) the amount and
quality of organic matter, (b) iron-detrital minerals, (c) and the availability of sulfate, are the
key factors ultimately controlling Spyrite formation. Each of the three reagents consequently can
act as a limiting factor for Spyrite formation under different sedimentary environments (Berner,
1983).

In marine oxic conditions, Spyrite production is controlled by the quality and quantity of
organic matter being deposited, with a positive correlation existing between Spyrite and Corg
concentrations from 0.4 to 3.0 wt.% Corg (Demaison and Moore, 1980). Areas with high
sedimentation rates, such as upwelling zones, allow for the rapid burial of organic matter. If Corg
fluxes are large enough, following consumption of oxygen within the water column, commencement of
sulfate reduction occurs, producing free H2S at some depth below the sediment-water interface,
which by reaction with iron-minerals, allows for the eventual formation of Spyrite- Using a plot of
Spyrite versus Corg matter concentrations, verification of a correlation between the two in marine
oxic environments is seen, with present-day sediments containing less than 1.0 wt. % Spyrite for
every 2.0 wt. % Corg matter (Berner, 1983).

In freshwater conditions however, -sulfate concentrations are usually two orders of
magnitude lower than in marine oxic environments. Consequently, Spyrite formation is limited by
. sulfate availability, which becomes quickly exhausted under such conditions. This results in a poor
correlation between Corg and Spyrite formation (Fig. 6, of Berner, 1983), thus Spyrite is essentially
independent of Corg values in freshwater environments. (Berner,.1983). ‘

Under marine anoxic conditions, O7 has already been consumed within the water column

and H)S is present in the bottom waters of the water column, allowing the production of Spyrite
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Figure 4.9 - Diagrammatic representation of the overall process 6f sedimentary pyrite formation (After
Berner, 1972) (From Berner, 1983).




both at and below the sediment-water interface. Consequently, Spyrite also exhibits a poor

correlation with Corg, with low organic carbon concentrations possessing higher Spyrite

concentrations relative to present-day marine oxic environments (Berner, 1983). Therefore, a plot of
Spyrite versus Corg concentrations of samples from the Taconic Foreland Basin should confirm the
existence of anoxic conditions during the deposition of the Utica Formation (Fig. 4.10; Table XID.
For this study, it is assumed that the concentration of Spyrite within a sample is equal to the total
sulfur concentration of the sample.

Analysis of Figure 4.10-shows that qualitatively, anoxic conditions did exist on the outer
slope of the foreland basin. The larger spread of values of the Taconic Foreland Basin however,
both above and below the regression line, are a consequence of several factors. When sediments are
composed almost entirely of calcium carbonate (CaCO3), there are insufficient detrital iron-
minerals to produce pronounced Spyrxte within the sediment column. Even with an abundance of
sulfate, H2S, and Corg within the sediment column, if the sediment is dominated by CaCO3,
Spyrite formation will always be limited (Berner, 1983), elevating Corg/ Spyrite ratios relative to
normal anoxic conditions observed in Figure 4.10.

Because terrestrially-derived plant material did not develop until the late Early Silurian
(Spicer, '1989), the Utica Formation could only have contained autochthonous-marine and
allochthonous-algal deri\;ed organic matter buried within the marine realm. The present-day
marine anoxic Corg/ Spyrite values shown in Fig. 4.10 are a consequence of up to 50% of the organic
carbon being derived from refractory, highly resistant, type;III kerogen organic matter. Without
this 'inert' organic matter being present auﬁng Ordovician times, marine anoxic Corg/Spyrite
values would be lower than observed under present-day conditions, since organic matter consumption
would have been more efficient, resulting in lower Corg/ Spyrite ratios. This is possibly indicated
for samples from the Taconic Foreland Basin (Fig. 4.10); with samples perhaps plotting closer to

-

the normal marine-oxic conditions regression line established for Quaternary marine sediments.
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Sulphur (%)

Total Organic Carbon (%)

Figure 4.10 - Plot of present day total Spyrite (%) = Total sulfur (%) versus present day Tqtal Organic
Carbon (%) for samples of the Taconic Foreland Basin. Also plotted is the relationship between organic
carbon content and (pz';itic) sulfur in marine environments. Distinction between oxic and anoxic
environiments according to venthal (1983) and- Berner (1984). For-Quaternary normal.marine, finé-grained
detrital sediment, mean C/S ratio = 2.8 (Berner, 1984; Goldhaber and Kaplan, 1974); envelope of regression
line encloses several hundred data points (Berner, 1989). Solid filled dots = from Black Sea sediments (Taken
from Stein, 1991); Open circles = Utica Formation samples.Utica Formation data plotted are present day TCC
values because possible changes in Total Spyrite (%) during maturation are not esta lished.




In addition, if Spyrite was forming under true anoxic conditions during the deposition of the
Utica Formation, Corg/ Spyrite ratios would also be lower than those observed in Figure 4.10, since
less Corg would be needed for the production of Spyrite within the sediment column. Under anoxic

conditions, where sedimentation rates and Corg flux rates can be low, maximization of Spyrite

production would have occurred since the residence time of reactive detrital iron-minerals for

reaction with free H2S would have been longer (Berner, 1983).

The presence of elevated concentrations of uranium within samples from the Taconic
Foreland Basin are also indicative of the establishment of anoxic conditions on the outer slope of
the foreland basin during deposition of the Utica Formation (;)emaison and Moore, 1980) (Fig. 4.11),
with the likely source of the adfitional uranium coming from seawater (Hein et al., 1987). The
preferential extraction of uranium from seawater occurs, under anaerobic conditions, by the
reduction of dissolved U6+ ions to less soluble U4“_* in the presence of decaying organic matter. The
presence of H3S above the sediment-water interface, a consequence of bacterial sulfate reduction,
also helps to increase the rate of US* reduction and its incorporation into previously-deposited
organic matter (Hein et al., 1987). The inferred subsequent remobilization of U4+ probably occurred
when thermal maturation and diagéhesis of the MPSR unit developed, causing degradation of the
organic-rich Utica Formation. The appearance of a correlation between P2O5 and U concentrations
(Fig. 4.12) also points towards the notion that phosphatic material (i.e degraded organic matter),
which normally contains abundant uranium, served as the primary source for the bulk of the
uranium present (Hein et al., 1987).

A general trend of enrichment of Co, Cu, and Ni concentr@tioﬁs is also seen within the lower
40 meters of the Tagonic Foreland Basin samples, relative to PAAS (Post-Archean Average Shale).
It is interpreted, within the context of this thesis, that implies infers the existence of long term
ano;cic conditions during their deposition (Demaison and Moore, 1980). Also, based upon major and
trace element analyses from McGill University, oxic bottom water conditions are interpreted to

have been re-established within the Taconic Foreland Basin during deposition of the upper iOO
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Figure 4.11 - Ternary plot of Alp03-U-TiO2 concentrations of Taconic Foreland Basin samples. Open
circles = samples within first 25 meters of stratigraphig section; X-marks-= samples within lower 25 to
approximately 150 meters of stratigra hic section; Squares = samples approximately 150 meters and higher in
stratigraphic section; Cross = Post Archean Average Shale. Note that samples above 150 meters of section
(Nowadaga Creek, Yatesville Creek, Otsquago Creek, Route 171 samples) plot within the area that PAAS
occupies within Al»O3-U-TiO2 space.
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meters of the Utica Formation. This is inferred from U concentrations of the Nowadaga Creek,
Yatesville Creek, and overlying samples plotting close to PAAS observed concentrations within

Alp03-U-TiOy space (Fig. 4.12).
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43.3 Establishment of Primary Productivity Conditions within the Taconic Foreland

Basin

From major element oxide analyses, performed at the University of Massachusetts at
Amherst and at McGill University on a suite of samples from the Taconic Foreland Basin (Table
XIII), an assessment of the #ossible existence of high primary organic productivity conditions,
relative to detrital sedimentation rate, was made. The effects of diagenesis and thermal
maturation however, allows only for a qualitative estimate of the existence of high primary
productivity conditions during ‘deposition of the Utica Formation. Determination of the potential
quantity of marine organic matter produced within the basin is unattainable; consequently,
elements chosen as representative indicators of high primary productivity (such as P and Ba
concentrations on a CaO-LOI free weight basis) can only be considered as proxies for the
establishment of the spatial and temporal existence of high primary productivity on the outer

slope of the collisional foreland basin.

Phosphates are consumed by planktonic organisms in surficial waters; on dying, these fall

through the water column as 'organic rain'. Through the oxidation of decaying organic matter, a
phosphate 'sink’ exists in. the deep ocean, 500-1000 meters below’ the Surface. Due to the mechanics
of upwelling currents however, surface waters depleted in phosphates can be continually
replenished with nutrient-rich (phosphate-enriched), deeper, éceanic water (Hein et al., 1987;
Parrish, 1982). Following planktonic consumption, decaying organic matter deposited on sea
bottams may experience the effects of long-term anoxic conditions. If the conditions are anoxic this
would result in the concentration of phospha;e in the deposited bottom sediments, due to the
.inability of the deposited organic matter to be microbially degraded (Hein et al., 1987). Therefore
high P2Os5 concentrations within a deposited sediment should be indicative of high primary
productivity during the time of its deposition. A plot of TiOz-Ale3-i’205 concentrations of

samples from the Taconic Foreland Basin points to the possibility of enhanced primary
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productivity conditions, relative to detrital sedimentation rate, during deposition of the organic-

rich Utica Formation (Figure 4.13). The standard chosen for this study, Post-Archean Average
Shale (PAAS), is thought to be representative of shales deposited undér normal oxic conditions and
indicative of average primary biological productivity conditions. TiO7 and Al;03 were used as
coplotted elements in ternary diagrams, used in this study, because they are thought to represent
the detrital component of the organic-rich shales of the Utica Formation and are resistant to
diagenetic mobilization following deposition. Because the TiO2/Al>O3 ratio of samples chosen for
analysis remain relatively constant throughout the entire stratigraphic thickness of the Utica
Formation, plotting elements that are thought to be proxies of specific conditions existing during
deposition of the Utica Formation (e.g., P2O5 for the proxy of enhanced biological productivity)
against their relatively constant TiOp/Al203 ratios should identify specific conditions, (e.g.,
enhanced primary productivity), on the outer slope of the foreland basin. Using the same
methodology, a plot of P205/Al203 and/or P205/TiO2 versus stratigraphic height of samples
from the Taconic Foreland Basin shows that the highest degree of biological enrichment is within
the first 25 meters of the Utica Formation (Fig 4.14; Fig 4.15). This enrichment is considered the
result of very low detrital sedimentation rates existing during contemporaneous organic deposition
of biogenic debris within the first 25 meters of the Utica Formation.

Barium has also been determined to be a proxy of the nut.rient content of the ocean, with
barium enrichments in sediments being interpreted as indicating the deposition of those sediments
under a high productivity paleo-upwelling site (Stein, 1991). Barium has been previously
recognized as a biologic productivity indicator by Goldberg (1958). This is a consequence of the
inorganic precipitation of barite in the presence of decaying organic matter. As with Figure 4.14, a
plot of TiO2-Al203-BaO concentrations of samples from the Taconic Foreland Basin could also
point to the possibility of high primary productivity conditions, relative to detrital sedimentation
rate, existing on the outer slope of the Taconic Foreland Basin during deposition of the Utica

Formation. However, this is not observed to be the case (Fig. 4.16), with all samples of the Taconic
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Figure 4.13 - Ternary plot of Al03-P205-TiO2 concentrations of Taconic Foreland Basin
samples. Open circles = samples within first 25 meters of stratigraphic section; X-marks = samples
approximate §Obetween 25 meters and 150 meters meters of stratigraghic section; Squares = samples
approximately 150 meters and hiﬁ?er; Cross = Post Archean Average Shale. Note that samples above 150
meters of section (Nowadaga Creek, Yatesville Creek, Otsch 553 Creek, Route 171 samples) plot within the
area PAAS occupies within AlpO3-P205-TiO3 space.
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Figure 4.14 - Plot of P205/TiO2 (LOI - CaO free weight concentrations) versus stratigraphic
height of Taconic Foreland Basin samples. Open circles = samples within first 25 meters of stratig'raphic

section; Diamonds = samples approximately between 25 meters and 150 meters meters of stratigraphic section;
Closed circles = samples approximately 150 meters and higher (Nowadaga Creek, Yatesville Creek, Otsquago
Creek, Route 171 samples).
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Figure 4.15 - Plot of P205/A1203 (LOI - CaO free weight concentrations) versus stmtigmpﬁic
height ofTaconic Foreland Basin samples. Open circles = samples within first 25 meters of stratiﬁx_'aphic

section; Diamonds = samples approximately between 25 meters and 150 meters meters of snatigrag ic section;
Closed circles = samples approximately 150 meters and higher (Nowadaga Creek, Yatesville Creek, Otsquago
Creek, Route 171 samples).
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Figure 4.16 - Ternary plot of Alp03-BaO-TiO7 concentrations of Taconic Foreland Basin samples.
Open circles = sam%l;s within first 25 meters of stratigraphic section; X-marks = samples approximately
ween 25 meters and 150 meters meters of stratigraphic section;
Cross = Post Archean Average Shale.




Foreland Basin chosen for analysis plotting within the same field. Plots of BaO/TiO2 versus
stratigraphic height (Fig 4.17), as well as BaO/Al2O3 versus stratigraphic height (Fig 4.18), are
also inconclusive regarding the interpretation that the first 25 meters within the Utica Formation
is the most biologically enriched within the unit. The observation that all samples possess the
same relative Ba concentrations may be the result of several processes occurring. First, as mentioned
earlier, thermal maturation of the MPSR unit has probably resulted in diagenetic remobilization of
original Ba concentrations within the Taconic Foreland Basin. Another possibility is that
feldspars, derived from the volcanic arc complex colliding with the eastern Laurentian passive
margin, may have had Ba incorporated into the mineral lattice structure. This would have enabled
an additional potential source of Ba to have existed during the phase of high clastic, and low
biologic, input at the late stages of the foreland basin sedimentation. This could have resulted in
relative Ba concentrations remaining similar to the earlier phase of low clastic input and high
biologic productivity in the overlying water column. Ultimately, additional biological proxies,
more resistant to the effects of diagenetic remobilization, such as Cd, will have to analyzed in

order help determine the degree to which biologic productivity played in producing a prolific

MPSR unit within the Taconic Foreland Basin during late medial Ordovician times.
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Figure 4.17 -

Plot of BaO/ Tioz (LOI - CaO free weight concentrations) versus stratigraphic height

of Taconic Foreland Basin samples. Open circles = samples between first 25 meters of strafigraphic section;
Diamonds = samples approximately within 25 meters and 150 meters meters.of stratigraphic section;.
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43.4 Provenance Determination of Deposited Sediments within the Taconic

Foreland Basin

Based upon major and trace element analyses, an assessment of potential sources of sediment
eventually dep(;sited with the Taconic Foreland Basin was made (Table XIII; Table XIV). Using
plots of AlpO3-Nb-TiO2 (Fig. 4.19), and Alp03-Zr-TiO2 (Fig. 4.20), it can be shown when the
. approaching volcanic arc began to influence and dominate the depositional patterns with the
foreland basin. Two distinct fields are observed, with PAAS values separating the two. It is
believed that clastic sediment derived from the volcanic arc/accretionary complex was not an
important factor within the first 150 meters of sediment depositgd within the Taconic Foreland
Basin, with all samples exhibiting a higher Zr/TiO2 ratio- than PAAS (Fig. 4.20). This is
consistent with the theory that a substantial portion of the volcanic arc complex was submerged due
to the highest sea-level stands occurring during deposition of the Utica Formation and that the

lower 150 meters of the Utica Formation are biologicaily enriched passive margin deposits.

However, samples approximately 150 meters and above in stratigraphic position (Nowadaga

Creek, Yatesville Creek, Otsquagd Creek and Route 171 samples) possess lower Zr/TiO3 ratios thaﬁ
PAAS. This is felt to be the result of the volcanic arc/accretionary complex being spatially clpse
enough, to the then eastérn Laurentian margin, so that clastic.sediment derived from the arc was
able to be deposited onto the lower part of the outer slope of the foreland basin. This caused higher
sedimentation rates and associated long-term oxic bottom water conditions within this part the
basin. This is consistent with the progressive decrease of TOC content of samples above.150 meters

in section observed within the Taconic Foreland Basin. Similar arguments can be made from a plot
of AIZOg:ﬁH—TiOz with all proposed biologically-enriched passive margin.deposits plotting on

.

the Al203-TiO7 join of the ternary plot, while volcanic arc]'aqcreti_o'na‘ry con:plex derived

sediments plot closer to PAAS determined values (Fig. 4.19).
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Figure 4.19 - Ternary plot of AlpO3-Nb-TiO3 concentrations of Taconic Foreland Basin samples.
n circles = samples of passive margin origin; Squares = samples derived from the volcanic arc complex
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Figure 4.20 - Ternary plot of Al203-Zr-TiO2 concentrations of Taconic Foreland Basin samples.

%en circles = samples of passive margin origin; Squares = sam?les derived from the volcanic arc complex
(Nowadaga Creek, Yatesville Creek, Otsquago Creek, Route 171 samples); Cross = Post Archean Average
Shale.



4.3.5 Preliminary Geochemical Analyses and Implications for Previously

Unmapped Faults within the Taconic Foreland Basin

Previous analyses, and interpretation of data, of samples of the Utica Formation from the
Taconic Foreland Basin determined a potentially effective way for quickly determining a sample's
approximate stratigraphic position within the foreland basin (Delano, personal communication,
1992). A simple linear trend of several major and trace elements versus stratigraphic height was
observed to hold throughout the entire thickness of the Utica Formation. From this, it was
proposed that the use of such plots could quickly ascertain a sample's position. A plot of CaO
concentrations versus stratigraphic height of samples from this study shows that this holds to a
first approximation, with concentrations of CaO decreasing as one progresses upsection (Fig. 4.21). A
similar type of chronostratigraphic tool can be developed with AlpO3 concentrations; plotted

against stratigraphic height, Al203 concentrations are observed to generally show a trend of

enrichment (Fig. 4.22). Minor trace elements, such as Co and Sc, show similar linear trends of

enrichment or depletion when plotted against stratigraphic height. If this linear trend is assumed

to hold true for the entirel thickness of the Utica Formation, samples that then fall either above or
below the linear trend could be result of faulting, not previously mapped, producing the observed
discrepancies. Based upon Figure 4.21 and 4.22, three fields of samples deviating from the general
linear trend have been observed; three samples from Chuctahunda Creek (ASUS08, ASUSI10,
ASUS12), both samples from Nowadaga Creek (NCUS06, NCUS08) and both samples from
Schoharie Creek, and the-samples from Youngs Lake (SCUS01, SCUS02, YKSUSO1). (see Fig 4.21
and Fig. 4.22 for explanation of symbols used for highlighting proposed deviations). Based upon
these preliminary geochemical conclusions, it is proposed that previously unmapped faults exist
near each of these sample localities. The existence of pronounced westward tilting at the
Nowadaga Creek section near Newville strengthens the possibility of unmapped faulting existing
at that location, while for the Schoharie Creek and Youngs Lake samPles, the continuation of the

normal faults bounding the eastern side of the Sacanadaga xRes‘ervoir, from Fisher's (1970) geoldgic
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KSUSO1 that

show deviation of general trend between CaO concentrations and stratigraphic height. Closed circles =
samples NCUS06 and NCUS08 that show deviation of general trend between CaQ concentrations and
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map, down to these localities could explain these anomalies. The anomalous samples from
Chuctanunda Creek near Amsterdam may also be explained by the continuation of normal fauits
from the eastern side of Sacanadaga Reservoir. However, pronounced weathering observed in the
field from these particular samples may also be a valid explanation for their anomalous
composition against stratigraphic height. With recent advances, and successes, of using Ordovician
bentonites as a more precise chronostratigraphic tool (Delano et al., in press), the possibility may
soon arise for a more definitive explanation of the observed discrepancies. Reconstruction of the
entire thickness of the normal-faulted Utica Formation, based upon chemically ‘fingerprinting '
and correlating individual Ordovician ash beds, will enable geologists to establish a precise

stratigraphic framework for these selected samples.
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44 Condlusions

441 Re-Evaluation of the Utica Formation as an Extensive Spent Marine Petroleum

Source Rock (MPSR) Unit

8
In a comprehensive assessment of the depositional environment of the Taconic Foreland

Basin during late medial Ordovician times, Hay (1982) concluded that there was sufficient organic
. carbon within the Utica Formation during its deposition for its qualification as a good source rock.

This was based upon the observation that present-day TOC contents of the Utica Formation

average 1.75 wt. % (1.5-3.5 wt. %), and that during thermal diagenesis, increasing maturation of ‘a

ool Lo R

source rock can lower its total organic carbon content by a minimum of 18 percent (Hay, 1982). It was

also concluded that the-thermal diagenesis of the calcareous shales of the Utica Formation was

R

presently into the catagenic stage of hydrocarbon generation, presently making the late medial’

Ordovician Utica Formation a spent source rock unit (Hay, 1982).

B i A S Al

Hay (1982) ascribed the deposition of this MPSR unit only to paleoclimatic conditions
existing during medial Ordovician times. A paleoclimatically-controlled density stratification,
caused by a local thermocline (and halocline ?), which was augmented by the occurrence of a
worldwide 'Oceanic Anoxic Event', was proposed as the mechanism for the deposition of the
organic-rich Utica Formation. Hay (1982), without presenting any direct evidence, determined that
the potential role of high primary productivity, relative to detrital 'sedimentation rate, in
surficial waters was not an important*factor in controlling Corg values on ‘the outer slope of the
Taconic Foreland Basin (Hay, 1982). Recently, Jenden et al. (1993), in a study of potential sources of

thermogenic natural gases in the Northern Appalachian Basin, eastern United States, also

ERORTOFRT s T U T Tegy U T o AT o TRETRN TR AR e

concluded that oil-prone black shales, correlative with the late .medial Ordovician Utica

Formation, were at one time extensive MPSR units (Jenden et al., 1993). It was reported’ that
presently the Utica Formation averages 1.3 wt.% TOC and yields 4kg(ton)‘1 of pyrolytic

hydrocarbon products upon programmed pyrolysis (Jenden et al., 1993).




From this study, it is believed that qualitative paleoclimatic modeling techniques

developed by Parrish (1982) also predicts extensive MPSR deposition off the (present eastern) coast

.

. . £
of proto-North America during late medial Ordovician times. Based upon the integrated use of

programmed pyrolysié and geochemical analyses of the Taconic Foreland Basin, a re-assessment of
the previous mechanism(s) thought responsible for the deposition of the Utica Formation has been
undertaken. Consequently, it is.proposed that the existence of the Utica Formation is the result of
‘channeled flow upwelling’ occurring in a bathymetrically-constricted -basin during late medial
Ordovician times. A west-vergent volcanic arc, progressively colliding with proto-North America
and closing the lapteus Ocean, created a seaway for northeasterly trade winds that promoted the
establishment of high primary productivity conditions near this margin of proto-North America.
Occurring simultaneously, the impingement of the oxygen-minimum zone of the water column on the
outer slope of the Taconic Foreland Basin established long-term anoxic conditions, promoting the
preservation of deposited orga'n\ic matter (Fig. 4.23). Also crucial to the formation of a prolific
MPSR unit within the Taconic Foreland Basin was the drownin‘g of the outer slope, and the
probable submergence of the developing flexural bulge and pattial submergence of the colliding
volcanic arc. These developments were due, respectively, to the mechanical flexure and
consumption of the Laurentian continental margin within the subduction zone, and the occurrence of
the highest inferred sea-level stand in the Paleozoic. The occurrence of these five factors, which
are considered to be crucial for the development of prolifi¢'MPSR unit production, (i.e. surficial
depression of the Laurentian passive margin, high sea-level sfandi long term anoxic conditions
being established with the basin, optimum paleogeographic configuration and beneficial
paleoclimati¢ conditions), combined to produce an extensive, MPSR unit during late medial
Ordovician times. MPSR unit accumulation within the basin.ceased when the primary source of

sediment deposition within the Taconic Foreland Basin changed from passive margin sediments to

clastic sediments derived from_the colliding volcanic arc/accretionary complex during the later
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Figure 4.23 - Diagramatic representation of how channeled flow upwelling within the Taconic Foreland

Basin allowed for the deposition of the MPSR Utica Formation unit.
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stages of the Taconic Orogeny. The increased flux of clastic sediment into the foreland basin quickly
filled the basin and enabled oxic conditions to be re-established within the basin.

The presence of an extensive, spent, MPSR unit within the Taconic Collisional Foreland
Basin, as with the La Luna Formation of the Maracaibo Basin of northwestern Venezuela,

highlights the potential utility of paleogeography and paleoclimatology towards locating yet-

:
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to-be discovered MPSR sites, It alsq shows that the quantity.of marine organjc matter preserved in
paleo-upwelling sites by wind-driven upwelling, when optimum conditions for its preservation
prevail, is sufficient for the production of large commercial quantities of hydrocarbops.

:

:

s

T o T g

i

v TRW T e g TR W Te W T

T e m ™ T

TR




CHAPTER 5: CONCLUSIONS

Conclusions

5.1.1 Overall Conclusions

This study has considered the potential utility of identifying specific variables associated
with MPSR accumulation, and preservation, towards predicting their spatial and temporal
distribution. New analyses by programmed pyrolysis, and XRF-techniques, for the organic, and
inorganic geochemical composition of samples from the Taconic Foreland Basin of eastern New
York, and the synthesis of data from previously published authors regarding the Maracaibo Basin
of northwestern Venezuela and the Taconic Foreland Basin, has been undertaken within the context
of this thesis. From the integration of these analyses, and interpretations derived from them, it
has been established that for both active foreland basin outer slopes, and for passive continental
margins and shelves, when positioned and correctly oriented in low paleolatitudes, the formation
of prolific, commercial-size, MPSR units may be enhanced in these situation during high sea level
intervals.

Geochemical analyses of samples from the Utica Formation of the Taconic Foreland Basin
performed in this study have allowed the re-assessment of conditions responsible for the deposition
of the prolific MPSR unit of the area, the Utica Formation. The organic-rich Utica Formation is
suggested here to have been thé result of ‘channeled flow upwelling', within a bathymetrically-
constricted foreland basin, establishing high primary biological conditions within the western part

of the basin. Based upon inorganic geochemical analyses, it has been determined that: 1) the

highest degree of biological enrichment is within the first 25 meters of the Utica Formation, 2 the

lower 150 meters ‘of the' Utica Formation, interpreted as biologically enriched passive margin
deposits, was not influenced by the approaching volcanic arc/accretionary com‘pfex, 3) the upper

150 meters of the Utica Formation was influenced by clastic sediment derived from the volcanic




arc/accretionary complex, because the arc/accretionary complex was close enough to the eastern
Laurentian margin during that time of deposition of the Utica Formation and jts overlying units, 4)
previousl); unmapped faulting exists within the Schoharie Creek, Youngs Lake, Nowadaga Creek,
and possibly Chuctanunda Creek, localities within the Taconic Foreland Basin, and 5) the
variation of organic carbon values, documented within this study, throughout the entire thickness
of the Utica Formation is as large as are the variations seen within the basal 20 meters of this unit,
consequently casting doubt on the original first-order increases of organic carbon both through time
and downslope within the Taconic Foreland Basin, as postulated by Hay and Cisne (1988).

During optimum times of hydrocarbon generation, it is calculated that the Utica Formation
was capable of generation at least 175 x 106 BOE (barrels of oil equivalent) per 1km3 of source rock
undergoing petroleum conversion. This was a result of the diachronous collision of a volcanic arc
with the then eastern passive margin of Laurentia (proto-North America), and its subsequent
drowning, when ideally oriented in a low paleolatitude during late medial Ordovician times. This
contrasts with Hay's (1982) original conclusion that a paleoclimatically-controlled density
stratification, augmented by the occurrence of a late Palepzoic "Oceanic Anoxic Event’, was the
primary mechanism responsible for the deposition of the key MPSR unit within the Taconic
Foreland Basin.

Geochemical analyses of whple rock extracts and derived petroleum oils within the

Maracaibo Basin have identified the La Luna Formation as the primary MPSR unit of the region.

The formation of hydrocarbon reserves within the area is due to a marine, anoxic, environment,

with high primary biological productivity conditions being established off the northern coast of
South America during medial Cretaceous times. Calculations show that the La Luna Formation is
capable of generating 290 x 106 BOE for every 1km3 of source rock undergoing hydrocarbon
conversion. This was a result of the drowning of the northern passive margin of South America
during the highest gea level interval in late medial Cretaceous times, Additional research is still

needed however concerning how much of the deposition of the La Luna Formation is the result of




passive margin as opposed to collisiohal foreland basin outer slope deposition. Newly published
data points to most, if not all, of the La Luna Formation being a passive margin-deposited sediment.
The maturation and migration of hydrocarbons however, is directly linked to Eocene-age
collisional foreland basin development off the northwestern coast of South America.

The quantity of hydrocarbon reserves being produced within the passive margin-deposited_
MPSR unit of the Maracaibo Basin is greater than the calculated quantity that could have been
derived from the active continental margin-deposited MPSR unit within the Taconic Foreland
Basin. This is a consequence ‘of active continental margin-deposited MPSR units having a smaller
temporal window for significant MPSR production and accumulation than passive margin-
deposited MPSR units. Effective MPSR accumulation within active continental margin-produced
foreland basins begins only when the area passes the foreland bulge, is quickly subsided, and sea-
level stand is sufficiently high enough to cover substantial portions of the flexural bulge and the
volcanic arc/accretionary complex. This enables organic carbon flux rates to be higher than detrital
sedimentation rates within the basin, which is key towards producing significant MPSR
accumulations. The temporal window for active continental margin-deposited MPSR production is
closed when the proximity of the volcanic arc/accretionary complex floods the basin with clastic
sediments, making clastic sedimentation rates higher than organic carbon flux rates. In contrast,
continental passive margin-deposited MPSR units may have a longer time for the accumulation of
organic matter into a significant MPSR unit, since there is not necessarily any major clastic source to
potentially flood the depositional site with clastic sediment; the controlling factors in this case
are sea level and the position/orientation of the continental margin relative to prevailing winds

that control wind-driven upwelling mechanisms.

The ‘basin-specific' model developed, within this thesis, for the occurrence of prolific,

commercial-size MPSR units, is also capable of explaining why the Utica Formation of the Taconic
Foreland Basin and the Colon Formation of the Maracaibo Basin, both being units deposited on the

outer trench slope of a collisional foreland basin, possess dramatically different TOC valtes. The




effect of lower sea level stand (less than 200 meters above present conditions) during the deposition

of the Colon Formation, and its lateral equivalents, enabled for the clastic dilution of this unit,
because o.rganic carbon flux rates were significantly lower than detrital sedimentation rates. This
resulted in the formation of a non-MPSR unit during this time of deposition within the Maracaibo
Basin of northwestern Venezuela. The occurrence of high sea level stand .(higher than 250 meters
above present conditions) during deposition of the Utica Formation however, allowed for organic
carbon fluxes to be greater than detrital sedimentation rates on the outer slope of the collisional
foreland basin during its deposition. This consequently resulted in the production of a prolific,

although spent, MPSR unit.




5.1.2 Futufe Work and Study

Much work remains to be undertaken towards gaining a better understanding the
accumulation and preservation of hydrocarbon reserves within foreland basins in general. It is
believed that the potential utility of using key variables identified towards locating extensive
MPSR paleo-depositional sites should be extended towards identifying the temporal and spatial
distribution of ideal paleo-depositional sites (such as the ideal locations of the impingement of
O9-minimum zones on the outer slopes of foreland basins formed at active plate margins). This is
based on Demaison and Moore's (1982) conclusion that O2-minimum zone development is dependent
upon paleogeographic and paleoclimatic effects, and not directly linked <;n1y to high primary
biological productivity conditions (Demaison and Moore, 1980). Using the same techniques
developed by Parrish (1982) and Barron (1985), for identifying potential paleo-upwelling sites,
identification of potential paleo-anoxic preservation sites will help towards the future
exploration and exiploitation of yet-to-be discovered petroleum reserves. One could test the
predicted sites of these paleo-anoxic sites by the use of stro'ntium isotope stratigraphy, and their
comparison to contemporaneous global values. Significant deviations between the two values is
believed to be indicative of long-term anoxic conditions being established within areas restricted
from global oceanic circulation patterns (Derry, personal communication, 1993).

A more accurate assessment of surficial water productivity could be attained through a
detailed study of the variation of carbon isotope concentrations within the Utica Formation of the
Taconic Foreland Basin. Surficial waters experiencing high biologic activ.ity are expected to be
enriched in 13C because of the preferentia.l uptake of 12C by marine organisms during
photosynthesis (White, personal communication, 1993). The degree of enrichment would depend
primarily on the biologic activity existing within the water column, with high pro;iuctive areas
showing the highest 13C enrichment values. Subsequent decay, and deposition, of marine organisms
on the ocean floor would produce organic-rich sediments enriched with 12¢, if detrital

sedimentation rates were low enough. Therefore, elevated 12¢ values .in shales would be a
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qualitative measurement of biologic activity when compared to marine oxic shale values. Both of

the proposed projects however will require the accurate restoration of normal faulted sections of the

Utica Formation back to their original stratigraphic positions. Through the use of bentonite
chronostratigraphy to reconstruct the original relative stratigraphy of the Utica Formation, these
problems can be undertaken in earnest within the near future (Delano, personal communication,
1993). -

Finally, another problem that needs addressing is the information obtainable from the fact
that the foreland basin was produced as a consequence of the diachronous collision of the Taconic
Orogeny. If the overall Taconic basins had similar TOC concentrations and theoretical hydrocarbon
generative potential as the Taconic Foreland Basin, the summation of hydrocarbons produced from
it could have been significantly greater than the production of hydrocarbons from the continental
passive margin-produced Maracaibo Basin MPSR unit. A’ study, similar in scope to the one
undertaken within the context of this thesis of the Taconic Foreland Basin, should be undertaken
along the strike of the whole length of the Appalachian Taconic Foreland Basin, for an assessment
of the present and original TOC concentrations. The diachronous development of the Taconic
Foreland Basin might allow better discrimination, and testing, of the ' global ocean anoxic event'

explanation from the 'basin-specific' explanation of the existence of the Utica Formation MPSR

unit favored within this thesis.




APPENDIX I
DETERMINATION OF STRATIGRAPHIC POSITION OF SAMPLES

The determinations of the stratigraphic positions of samples from the Trenton Limestone,

Utica Formation and the Frankfort/Schenectady Formations were accomplished by the use of

structural contouring principles. Using geological maps complied by Fisher (1979), and topographic

maps published by the,New York State Department of Transportation (1978), and by using an
average south-southwestward dip of 17 (100ft/mile), a series of parallel structure contours for the
base of the Utica Formation, and the base of the Frankfort Formation, were constructed. The
structure contours were keyed upon mapped contacts between the Utica Formation/Trenton
Limestone and Utica Formation/Frankfort Formations. This resulted in the construction of a Series
of parallel structure contours that are of non-uniform strike. The construction presumes that the
thickness of the Utica Formation throughout most of the study area remains essentially constant
(300 meters); no data have been encountered that flatly contradict this assumption. Every point
where a structure contour crosses a topographic contour of equal elevation would constitute a
potential surface outcrop for that level. Consequently, the difference between identified
topographic elevation of an outcrop and the intersecting structural contour line would represent the
approximate stratigraphic height of the outcrop within the Utica Formation.
Possible errors associated with stratigraphic height determinations include:

normal faults which occur throughout the Taconic Foreland Basin (Bradley and Kidd, 1991)

could generate the duplication or removal (depending on the location of particular sample

localities) of portions of the various sections within the Utica Formation. Outcrops for

sampling were chosen as far as possible to be away from identified normal fault traces within

the Utica Formation to minimize this possible problem. However, it has to.be admitted that

the mapping of such faults within the Utica Formation is problematical; samples SCUS01,




SCUS02, YKSUS01, NCUS06, and NCUS08 ‘are most likely to be mislocated stratigraphically
for thig reason.

the absence of many observable contacts between the Utica Formation and Trenton Limestone
could contribute to the Inaccurate positioning of structure contours on geologic maps compiled by
Fisher (1979) and consequently produce inaccurate stratigraphic height determinations.
Therefore, the probable error on the stratigraphic position of samples will range between 5-20
meters and will approach zero where samples were taken from locations that possess an

identifiable stratigraphic contact for data to be keyed upon (i.e. Canajoharie Creek samples in

particular). Errors are probably largest within the middle 100 meters of the Utica Formation. If: .

patticular outcrops are located near (undetected) normal faults, large errors of stratigraphic.
position are possible, perhaps as much as 100 meters if the fault has displacerhent of this
amount or more, such as with samples around-Nowadaga Creek, Youngs Lake, and Schoharie

Creek.




APPENDIX II

PROGRAMMED PYROLYSIS OF SAMPLES

Representative samples were ¢ollected from shale outcrops spanning the whole
stratigraphic thickness of the Utica Formation, while from the Frankfort Formation they were

taken from the shaliest beds within the first 1000 meters of stratigraphic section. Up to 10lbs.

(4.5kg) of samplg was taken from each location and were stored in plastic air-tight bags until

preparation. After removal of weathered surfaces, each sample was washed with tap water and
then air dried. Subsequently, 2.21bs. (1 kg) of each sample was pulverized to a 200 mesh size and
was subsequently prepared for delivery to Texaco Inc. for determination of the quantity, type, and
therma) maturity of organic matter, and total sulfur, -present in each sample, by programmed
pyrolysis. The experimental procedures documented .below are from A. Bissada (personal
communication, 1993).

For the determination of the total organic carbon (TOC) of, the samples, approximately
200mg of each sample was weighed into a ceramic filtering crucible and acidized with 6N HCI
solution for the removal of carbonate carbon. TOC measurements were made from these carbonate-
free-samples using an automatiq Leco CS-12 carbon-sulfur analyzer equipped with an induction
furnace to combust the organic carbon to CO3, and an infra-red detector to measure the generated
CO2. The standard error was less than 0.16% for all of the sampfes analyzed (Bissada, personal
communication, 1993).

In order to determine the free hydrocarbon content (S1) and the residual hydrocarbon
generation potential (S2) of the samples, approximately 100mg of each sample was weighed into a
stainless steel crucible equipped with a fritted-disk base and introduced into a Delsi RockEval
instrument for programmed pyrolysis analysis. The instrument was set to heat each of the samples

isothermally at 300°C for three minutes, then incrementally heated from 300°C to 550°C at a




programmed rate of 25°C/minute, and finally heated isothermally at 550°C for one additional
i
minute. By doing so, all free hydrocarbons (S1) within the pores of the pulverized rock samples

would have been volatilized within the first three minutes of heating, with the residual kerogen
thermally degrading to hydrocarbons (S2) within the next eleven minutes of heating. The standard

error for the 51 analyses of all the samples was 0.03mg/gm, while the standard error for all of the

”

52 analyses was 0.35mg/gm (Bissada, personal communication, 1993).
e . t

The existence of vitrinite-like organic matter within six of the samples sent to Texaco Inc.

enabled a rough measurement of the thermal maturity of the samples. The use of the changes in

color of organic particles as viewed under transmitted light microscopy (Thermal Alteration Index -
.

TAI) was used as a second indicator of the thermal maturity of the samples. Recovery of the
kerogen particles used for these analyses consisted of the dissolution of the mineral matrix by a
series of acid digestion steps of concentrated HCI and HF acids for the removal of the carbonates
and silicates respectively. The recovered kerogen parti.cles were split into two fractions, one for
slide-mount preparation for TAI determinations and one for polished-plug preparation for
reflectance microscopy measurements. TAI determination was carried out using a Zeiss Universal
transmitted-light microscope using a 12 watt xenon source, and reflectance measurements were
carried out using a Zeiss Universal reflectance microscope using a 100 watt halogen bulb (546nm
incident light) and a model M-003 digital recording photometer (Bissada, personal communication,
1993).

The majority of samples sent for programmed pyrolysis analysis were chosen from the
middle transect of the foredeep basin (Canajoharie Creek and other associated locations, see Table
IV). The primary reason for this choice included the fact that the middle transect was the only
location where there was an observable contact between the Trenton and Utica Formations, and
where the underlying Trenton Limestone sample was of relatively good quality. In addition, the

middle transect possesses the most continuously exposed section of the lower 80 meters of the Utica

Formation. Several problems regarding the nature of samples from the eastern transect limits its




usefulness for detailed geochemical analysis and its incorporation into a comprehensive assessment
of the evolution of petroleum deposits within the Taconic Foreland Basin. These include: 1) that it

is probably missing exposure of the basal 10 meters, or so, of the Utica Formation, 2) that it is

.composed of several localities, which could have introduced larger errors in stratigraphic position,

and 3) that it has no Trenton sample for geochemical analysis. Similar problems existed within
the western transect of the field area, namely that the Trenton Limestone sample of the area is of
relatively poor quality, the basal (lower 50 meters or so) part Dolgeville Formation/Utica
Formation is not fully exposed. This made the precise determination of the location of the basal
contact of the Utica Formation not possible. For the same reasoning behind using the best exposed
and continuous stratigraphic sections for detailed geochemical analysis, the samples chosen for the
top 100 meters of the Utica Formation were selected from the eastern transect (Bean Hill Creek).
This allowed a relatively even (?) spaced sampli;‘ng coverage of the Utica Formation above the 30
meter level. There is a persistent outcrop gap in the 192-220 meter (650-720ft) stratigraphic
interval throughout the eastern and central transect areas of the Utica Formation; from this

investigation there was no explanation for this observation.




APPENDIX_IIT

X-RAY FLUORESCENCE OF SAMPLES
Thirty samples of the Taconic Foreland Basin were chosen for analysis by either the
Ronald B. Gilmore X-Ray Analytical Facility at the University of Massachusetts at Ambherst or at

the Geochemical Laboratories Facility at McGill University, Montreal, Canada. Samples with

less than twenty weight percent CaO were analyzed for major element oxide concentrations the at

University of Massachusetts, while the remaining samples were sent to McGill University for major
element analysis. All samples for trace element geochemice.il analysis were sent to McGill
University.

Both sets of samples, after removal of wéathered surfaces, were washed with tap water
and air-dried. 2-3kg of each sample.. was then érﬁ;{med to less than 200 mesh by use of a tungsten
carbide shatterbox. All samples until further preparation and analysis were stored in plastic air-
tight bags.

For samples anaiyzed at the University of Massachusetts for major element oxide
concentrations, 30-40 g of each sample was previously ignited for a minimum of 24 hours at
approximately 800°C to drive off all volatiles present and after cooling stored in 8 dram glass vials
at the State University of New York at Albany (see Appendix IV see detailed explanation). From
this, 1 g of each sample was placed into a quartz crucible and subsequently ignited for additional
LOI drive-off at 1000°C for a minimum of 4 hours and then placed into an aluminum desiccator until
cooled off to room temperature. The samples were then ground back into a powder with a quartz
mortar and pestle and immediately placed into labeled plastic vials for storage in an aluminum
desiccator, arresting HyO and CO3 adsorption.

Using a lithium-borate flux dried for a minimum of 8 hours before its use, 1.6070 * .0010 g of

this flux was thoroughly mixed with .3000 * .0003 g of the oven-dried samples in glass vials. This




powder was then fused into a glass disk by pouring the sample from the glass vial into a dry Pt-Au

crucible and then heating to 1200°C, being periodically stirred over about 6 minutes until a
homogeneous glass bead formed. This was subsequently poured onto a graphite disk and pressed into
a glass disk by an aluminum plunger. Each disk was then transferred to an annealing plate and
allowed to.cool to room temperature. Before the disks were analyzed on a Siemens MRS at the X-
Ray Analytical Facility, all samples were wiped with acetone and handled with plastic gloves to
minimize possible Na contamination,

Originally all samples were taken to the University of *Massachugetfs for major element
oxide concentration determination. However several of the disks possessed unusual total yields.
Further 'quality-control’ inspection of the glass disks showed the effects of incipient
crystallization and bubble formation during the molten bead pressing process. In addition, the
facility at the University of Massachusetts was not calibrated for the high calcium samples. It is
interpreted that the high calcium concentrations present in several samples promoted immediate
crystallization which is responsible for the observed unusual total yields. Consequently, all
samples that possessed high calcium concentrations (2 20 wt. %) were sent to McGill University for
re-analysis. The samples ‘that were sent to McGill University consisted of 25g of each of the
samples.-An Austin Glen Shale from Ravena, New York, supplied by Dr. ].W. Delano of the State
University of New York at Albany was used as an internal standard at both the Univ. of
Massachusetts at Amherst and at McGill University to check the accuracy of the reported analyses.
Trace element analyses at McGill University were performed on pressed pellets of the shale

powders.




APPENDIX IV

LOI DETERMINATION OF SAMPLES

All samples analyzed at the University of Massachusetts and McGill University were
independently measured for volatile content at the State University of New York at Albany. After
removal of weathered surfaces and crushing to less than 200 mesh, between 30-40g of each sample
was weighed and placed into a pre-weighed porcelain crucible. Each crucible was then placed into
a furnace preset at 650°C and left for 4 hours; the temperature was then raised to 800°C and the
sample heated for a minimum of 24 hours to drive off any volatiles present. Originally, both
VYCOR and quartz crucibles were used; however, after ignition some high-CaO samples that were

in the VYCOR crucibles showed unusual color pigmentation. In addition, these VYCOR crucibles

upon cooling began to crack. It is interpreted that calcium from the high-CaO samples reacted with

the VYCOR crucibles, causing the subsequent cracking. As a result, all samples were re-done in
porcelain crucibles, with this discoloration and cracking not occurring with these crucibles.

After ignition, all samples were taken out and allowed to cool on asbestos mats for a
maximum of 15 minutes. The crucibles were then re-measured with the oven-dried powder for
determination of the samples' weight loss, and hence its volatile content (see Table IX). These LOI-
absent samples were then used at the University of Mass. at Amherst for major element oxide

concentration determinations.
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APPENDIX V

ORIGINAL STRATIGRAPHIC FIELD NOTES OF SELECTED SAMPLE LOCALITIES

Chuctanunda Creek, Amsterdam, New York
23 June 1992 pm with C. M. Achong and W.S.F. Kidd

Large gap with intermittent till exposures to N of Utica shale outcrop. Significant part of outcrop

shown on Fisher's map is till, and therefore there is no close approach to Trenton-Utica
contact. Furthermore, the dip is significantly more than usual; at N end outcrop, 4-9,
average 795 dip (to 2059). Whole section exposed in stream is cut by substantial calcite-
filled veins, most trending 255-265, range 250-270, vertical, with horizontal slickensides,
and clear examples of left-lateral offset from filled pull-aparts. Displacements shown by
these pull-aparts are up to 60cm on a 2cm wide vein, maximum seen ~Im. One example seen
with some dip-slip component, shown by offset calciturbidite layer at falls, with ~25cm
down to S displacement.

Samples acquired by C.M. Achong are labeled as-AS US in bold lettering. Samples were acquired

with Dr. W.S.F Kidd. Original column developed by W.S.F. Kidd

Measured section starting from N end outcrop on W bank; thicknesses in meters

1.90
1.95
3.05
3.17

5.55

5.90
6.00

7.20
7.34

8.44
8.48
8.49
8.57
8.70
8.74
10.54

10.66

1.90  black shale (AS US 01 : 01.4m)

0.05 calciturbidite (?), or more calcareous shale

1.10  black shale(AS US 02: 2.3m)

0.12  moderate reentrant in black shale; fully exposed, perhaps with an intermittent

,lmm pale seam in center (at 3.13)(AS US 03 : 3.45m)

2.38  Dblack shale; sample at 3.45m; top 0.15 is prominent weathering reentrant, without
any separate bentonite (?mixed in)

035 black shale

0.10  weathering reentrant in black shale (no separate bentonite); two reentrants
separated by ~2cm (AS US 04 : 6.0m)

1.20  black shale; sample just above base of interval (6.0m+)

0.14  calciturbidites; 4cm below parting, then 10cm top layer; layers are also somewhat
vaguely defined, particularly where the outcrop is more weathered

1.10  black shale

0.04  calciturbidite

0.01 shale parting

0.08  calciturbidite

0.13  shale

0.04 calciturbidite

1.80  black shale; sample at ~9.30m from face of lower part of falls on E side(AS US 05 :
9.3m)

0.12  calciturbidite, prominent and clearly defined; can be traced all across the first
shelf on the falls. This is the one offset by one of the calcite vein faultlets, 260-265,

eneann e 2T . e ensee BT e




13.66 3.00

with down to S displacement component, which forms the base of the falls on the W
side of the stream.

black shale to base of bridge abutment on W side of creek bed. First 0.75-1.0 of this
interval is probably more calcareous than above since it forms the second part of the
falls. Sample at ~11.70m. About 9m up to level of roadbed at west side of bridge;
this interval can be sampled in the creek bed to south of bridge. Dip at and to S of

. bridge is ~49S. (AS US 06 : 11.70m)
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3/7/92 — Chuctanunda Creek, continued i

|

Upstream from bridge west abutmertt NW-end; measured by.compass on unipod allowing for dip |
sample at 14.00m (AS US 07 : 14.0m); ~1cm or less thick calciturbidite just above sampled |

layer R

sample at ~16.85m (AS US 08 : 16.85m) *

~17.15m v. narrow weathering reentrant at base of west'bank (~15 paces from S end
abutment) I
~19.05m and 19.15m two thin reentrants with rusty weathering, no bentonitic clay i
sample at 19.90mAS US 09 : 19.9m) I

~23.20m weathering reentrant, no bentonite 9

up to 25.70m no other prominent reentrants or calciturbidites or ledges from harder .

shale . i

measured with 1.5m wooden stick from 13.66m at base of NW bridge abutment up the exposure next
to NW side of the bridge.
~+9.0m (tdtal 22.66m) to base of ditch at break in slope; +10.5m to mark on side outcrop
above;
outcrop adequate to ~+15m, mostly rubble to +18m (31.66m)
sample at 25.16m (AS US 10: 25.16m) (+11.5)
sample at 30.30m (AS US 11 : 30.30m)
31.66 good outcrop face on N side. From paint mark at 31.66m +1.34 (33.00m) up to 33.00
prominent weathering reentrant, which has small pyritiferous very rusty weathering
nodules scattered along it. No bentonite.
1 36.00 +3.0m to prominent weathering reentrant, no bentonite
36.40 +0.40m to another prominent weathering reentrant, no bentonite; this one is slightly more
1 prominent; measured to the top of this and previous one
36.75 +0.35m to another very prominent weathering reentrant, no bentonite; This and the next one
1 can be correlated across to S side outcrop
: 36.90 +0.15m thickness of reentrant starting at 36.75m
38.90 +2.00m next prominent reentrant up on exposed cliff face on N side road
41.75 +2.85m to base of first bentonite (labeled 36 in red paint)

e

e e
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~ 41.77 +40.02m bentonite A
E 4305 +1.28m to base of 2nd bentonite (labeled 37 in red paint); sample of shale at 41.90m (AS US
12:41.90m) '
4 43.07 +0.02m bentonite B1
43.12 +0.05m shale/hard band
i 43.14 +0.02m bentonite B2; this layer is persistent across the exposure, but the Bl lower layer is

3 not, disappearing in about 2m from E to W, and then reappearing again about 4m to W
before going below ground; both layers vary up to perhaps 3cm thick locally; the separating ;
hard ?shale layer also is thinner to E (~2cm). |
44.24  +1.10 shale up to thin rusty layer with reentrant, probably no discrete bentonite
45.74 +1.50m shale [interval previously 1.0m - error]
45.75 <0.01 bentonite C; prominent reentrant
o 46.97 +1.22 shale to reentrant with rusty weathering lensing lamination, no bentonite Y
47.72  +0.75m shale
47.73  +0.01m bentonite D; prominent reentrant, rusty weathering
51.12 +3.39m shale; small reentrant at +2.45, no bentonite
51.13  +0.01m bentonite E
52.43 +1.30m shale (AS US 13 : 51.70m)
52.46 +0.03m bentonite F
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+2.55m shale with several partings, ?pyritiferous

+0.02m Bentonite G; grey colour, locally 3cm thick; labeled 48.8m in red paint; last
bentonite exposed; cart be correlated across to N sidé road, to avoid poison ivy on S side.
+1.05m to pyritiferous layer (with reentrant) .

+1.17m to next hard layer (~Icm thick) in-reentrant, ?pyutx£erous

+1.48m to next reentrant, no bentonite; measured to base of 2cm hard layer

+0.02m calciturbidite?, or cementation related to reentrant?

+2.65m to reentrant about 2/3 the way up the cliff on N side road, to W of tree

+3.30m shale to top of cliff, top of exposed section. Bedding has flattened out just before
this part of exposure (AS US'14 : 61.7m)

SUMMARY QF SAMPLES OF SHALE FROM CHUCTANUNDA CREEK

ASUS 01 . - v. shaly; close to edge of outcrop and till; fair-poor
ASUS 02 . fair sample

ASUS 03 . . full of ?calcite blebs; fairly good
ASUS 04 . . first sample; good

ASUS 05 . . base of falls; v. good

ASUS 06 . . top of falls; v. good

ASUS 07 . . next to-bridge abutment; v.good
ASUS 08 . . good

ASUS 09 . . (v.) good

ASUS 10 16 2. fair-good; small sample; N side road
ASUS 11 . . good; N side road

ASUS 12 . . fair; S side road

ASUS 13

ASUS 14




Bean Hill Creek Utica Shale section

Samples taken by C.M. Achong labeled as BHC US in bold lettering
Samples taken by [.W. Delano labeled as JWD BHC in bold lettering

‘Origingl stratigraphic column deyeloped by ‘W.S.F. Kidd

Thicknesses in meters.

Cumulative thickness; Interval thickness; Description

0 0 -

123  1.23  First exposures in creek bed; flat-lying black shale, just outside (~10m) the edge of

the trees lining the creek above.

197 074 Bend in stream bed to N; shale; at 1.48 a 3 cm calciturbidite with central 1cm

) having pyrite’laminations.

287 090 Gapinoutcrop.

347 0.60 Shale; bend in stream to south.

474 127  patchy outcrop, only in bank.

6.14 T.40  shale; exposure in south bank and onto base of falls.

6.19 0.05 strong reentrant - ? bentonite.

769 150 Black shale in step below main falls; top of interval is at base of falls.

1164 3.95  Black shale; top of interval is lip of steep part of falls. At 10.34, base of a
calciturbidite 6cm thick occurs. (BHC US 01 : 8.34m)

14.29 265  Black shale; Lowest Sample bf previous visit at 12.24 (JWD BHC 88, 063 : 12.24m)

15.79 150 Black shale; small steep falls in this interval; beginning of small bend to N.

1729 150 Black shale; centerof bend to S.

18.3¢ 1.05 black shale.

1847 0.13  Calciturbidite sample (JWD BHC 88, 062 : 18.35m).

19.42 095  Black shale; bend to N.

1997 055 Black shale.

20.09 0.12  Calciturbidites; two beds 6-7cm each; ? bentonité at base.; small step in outcrop.
Bend in stream to SW.

28.00 7.91  Black shale: (BHC US 02 : 20.60m); (WD BHC 88, 060 : 26.5m)

29.85 1.85  black shale; outcrop in bank only, until upper 30cm. (BHC US 03 : 28.60m)

31.15 130 black shale. Fence crosses brook near base of this'interval.

3205 090 black shale; small dry stream enters from S near base of interval.

32.06 0.01 calciturbidite (micrite).

3241 035 black shale.

3243 0.02  calciturbidite (micrite).

3268 0.25  Harder black pyritic mudstone; forms a ledge.

33.82 1.14  black, shale.

33.83 0.01 calciturbidite (micrite).

3426 043  black shale; thin bentonite at top.

3428 0.02  calciturbidite (micrite); pyritic layer in center; rippled top, crests trend 250, steep
faces to N.

3552 124  black shale.

35.58 (.06 bentonite, with a hard layer in it; exposed in S bank. Sampled (JWD BHC 88, 065

. and 88, 066 : 35.55m) previously.

38.28 270  black shale; sample (JWD BHC 88, 059 : 36.5m) ; thin calciturbidite in interval
36.4-37.1.

38.30 0.02 calciturbidite (micrite).

43.61 531  black shale; fence crosses in interval 39.61- 40.46 (BHC US 04 : 38.94m)

43.62 0.01 calciturbidite (micrite).

45.07 145 black shale.




47.52 245  black shale - outcrop in bank only. -

49.67 2.15  black shale JWD BHC 88, 058, 49.25m) .

5042 0.75 black shale; bend to N; small dry stream enters on S side. (BHC US 05 : 50.40m)

51.62 1.20  black shale; bend to W.

5974 8.12  black shale; at~58.8 graptolites [Climacograptus sp.]; shale very calcareous (fizzes
with HCI) JWD BHC 88, 057 : 55.25m).

60.71 0.97  black shale

61.86 1.15  black shale - outcrop in banks only. (BHC US 06 : 61.73m)

65.53 3.67 black shale; ? thin bentonite at 65.23.

65.61 0.08 calciturbidite.

66.46 0.85  black shale; stream (chute) enters from N side.

67.96 150 black shale.

69.01 1.05 black shale; outcrop poor, only in S bank.

70.96 1.95 black shale; some is argillite/mudstone. Not much reaction with HCl. Top of
interval is at intersection of larger side stream from SW. (BHC US 07 : 70.73m)

7552 4.56  black shale.

75.77 025  black shale; previous sample taken here.

7608 031 black mudstone; top 8cm sampled previously JWD BHC 88, 054 and 88, 055).

76.98 0.90 shale; outcrop in bank only.

79.16 2.18  shale.

79.29 0.13  pair of calciturbidites; 5, and 7cm thick separated by 1cm of shale. Sampled
previously JWD BHC 88, 052 and 88, 053).

8049 120 shale; top is just below junction of two streams; section measured up SW branch.

8347 298 shale;bend to S begins at top of interval. 4

86.82 3.35 shale; at top, junction of steep stream from N.

88.54 172 shale, just below waterfall.

88.72 0.18 thin calciturbidite at base of interval; otherwise shale.

88.82 0.10 thin sandstone (flysch) at base, then shale.

- - base of first thick turbidite sandstone. Section continues, but not measured.

Joint sets in much of section 056 and 330, vertical.

Section summary: Top 88.7m of Utica shale exposed here (about 30% of the full thickness of the
unit).

Geochemical transition according to Dr. J.W. Delano is in interval 25-35m

SUMMARY OF SHALE SAMPLES FROM BEAN HILL CREEK

BY CM. ACHONG
BHC US 01 8.34m shale
BHC US 02 20.60m shale
BHC US 03 28.60m shale
BHC US 04 38.94m shale
BHC US 05 50.40m shale
BHC US 06 61.73m ~ shale

BHC US 07 70.73m shale
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Harter Hill Creek samples - Utica Formation base placed at 45m for sample strat.

Samples acquired by C.M. Achong are labeled as HHC US, TL, or DF in bold lettering

Samples acquired by J.W. Delano are labeled as JWD HHC in bold lettering
Original stratigraphic column was developed by W.S.F. Kidd

Harter Hill Creek measured section. Thicknesses in meters. Section is essentially flat-lying.

Cumulative thickness Inferval thickness Description

0 0 -

4.5 4.5 Good outcrop of medium-thin bedded Trenton limestone, with shell fragments and
calcite gpar cement. Sample.(JWD HHC 88, 105: Om) of thin shale layer from this
interval. Sample JWD HHC 88, 106 : 0.25m) of limestone bed just below shale
sample. (HHC TL 01 : 3.0m)

Not so good outcrop of same limestone; Sample (JWD HHC 88, 107 : 7.375m) of
micrite; uppermost layer exposed.

Unexposed. Fence crosses in this interval.

Limestone and shale; some shell fragments at bed bases. Tops and bases of beds are
wavy, not planar, in some cases, but this interval has dominantly lime mudstone
with flat tops and bases, and shales of significant thicknesses. Transitional to
Dolgeville type; closer to Dolgeville than Trenton.

No exposure 4

Closely bedded Dolgeville limestone; beds up to 15cm, and thin shales. At 23m,
Sample JWD HHC 88, 108 : 23.25m) of calciturbidite bed.

No exposure )

Thin limestone (10cm calciturbidite micrites) and shales; limestone-rich; poorly
exposed, especially at top.

No expgsure.

Shale at base, 20cm thick, Sample WD HHC 88,'109 : 33.06m). Then ~12-15¢cm
calciturbidite, Sample JWD HHC 88, 110 : 33.5m). Dominantly micrites, some
shale, poorly exposed, and only in bank, after first 50cm.

No exposure.

Micrite limestone ~§0-70%, shale ~30-40%. .Calciturbidites ~5-10cm, shales ~1-5cm
typically; Limestone-rich Dolgeville. At ~39.0m, 20+cm calciturbidite. small
stream from N at ~40m. (HHC DF 02 : 38.7m)

Unexposed. dry streamlet from S at ~43+

Shale and much less abundant calciturbidites. Sample WD HHC 88, 111 :
53,125m) of shale; At 55.8m - fence crosses stream; ~60.0m - S¢m calciturbidite;
Sample (JWD HHC 88, 112 : 65.25m) of shale; Sample (fWD HHC 88, 113 : 65.63m)
of calciturbidite; 67.0-71.5m - stegper chute and good outcrop; severa] ~5cm
calciturbidites scattered in'this interval; outcrop stops in stream bed at 73.0m, very
poor continuation in S bank for ~5m. New(?) power line crosses creek at ~60-61m;
small stream from N at ~63m; larger stream from N at ~64m (HHC US 03 : 51.0m) ;
(HHC US 04 : 61.0m) ; (HHC US 05 : 71.0m)

No exposure.

Shale. A few thin (<5cm) calciturbidites in this section. Sample (WD HHC 88,
114 ; 82.75m) at ~82.50m; Sample (JWD HHC 88, 115 : 89.0m) at approx. 88.80m.
Stream from S at 85.5m, and at 86.5m (HHC US 06 : 80.0m) ; (HHC US 07 : 91.0m)
No exposure; dam of stones below track crossing creek.

Shale continues. (HHC US 08 : 100.5m)

No exposure.

Shale; Sample (JWD HHC 88, 116 : 107.0m) at 107.0.

No exposure.
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112.0
117.0
119.2
122.2
137.2

140.2

141.00
14135

141.7
144.8

1449
145:5
148.5
150.0

154.0

155.3

156.6
157.4

159.5
160.6
171.2

171.6
175.9
176.6
1794

180.4

180.9
181.9
183.2
185.4
1874

1924
196.4

1.00
5.00
2.20
3.00
15.00

3.00

0.80
0.35

0.35
3.10

0.1
0.6
3.0
1.5

4.0

1.3

1.3
0.8

2.1
1.1
10.6

04
4.3
0.7
2.8

1.0

0.5
1.0
1.3
2.2
2.0

5.0
4.0

Shale. (HHC US 09 ; 111.3m)
No exposure.
Shale.

No exposure.

Shalé. At 127.2m, stream comes in from S side; Stream is of significant size; comes
from below Davis farm. Shale sample at WD HHC 88, 117 : 131.875). Sample
YWD HHC"89, 002 : 137m) of shale taken. Additional shale samples(HHC US 10 :
124.2m); (HHC US 11:131.5m) taken '

No exposure; shale poorly exposed in N bank for ~2m above the base of this
interval. '

Shale. Sample JWD HHC 89, 003 : 140.75) of shale taken.

35¢m calciturbidite base at 141.0m, sample (JWD HHC 89, 004 : 141.63m) taken.
Also sample of shale (HHC US 12 : 141.6m) taken.

Shale sample (JWD HHC 89, 005 : 141.65) taken.

unexposed to fence line. fence [border of Crosset Farm to Davis farm] crosses at 145m
and small stream enters from S here

unexposed

Sample of shale (HHC JWD 89,006 : 144.0m) at around 144.9m

‘unexposed

shale sample (HHC US 13 : 149m) at 149.0m Sample (JWD HHC 13F) at 149.0m
(poor exposure in N bank for ~2m above this) also taken.

little or no éxposure; shale in S bartk ~3.0-3.3; Sample JWD HHC 13G)'4t152m 1.5
to base of large erratic of anorthosite in stream; 2.0-3.0 track from S crosses (new),
also gully from N

shale top and base of this interval [patchy outcrop]; 1.5 to base of large erratic of
gneiss on N bank, 2.5 to top [156.5m] .

no outcrop in stream; poor shale outcrop in S bank along this and previous intervals
shale; sample (HHC US 14 : 157.0m) at 157.0m Sample JWD HHC 88, 118 :
156.9m) at 156.9m

tree in creek; probably no outcrop

shale; outcrop in creek and N bank

no outcrop; 0.4 [161m)] stream from S and gully; 3.9-4.9 [164.5-165.5m] poor shale
outcrop in N bank; 6.0 [166.6m] significant stream from S enters with outcrop in this
from about 2m up from junction;10.0 [170.6m] base of largest erratic on N bank and
poor outcrop starts up in S bank

shale outcrop in N bank

shale in stream bed; top is at sharp meander bend to S going upstream

no outcrop

shale; sample (HHC US 15 : 179.0m) at 179.0 m. Sample taken at (JWD HHC 88,
119 :179.2m) 179.4 m. _

poor exposure of shale [under logs in bend to N going upstream]. Base of interval is
at fence crossing stream [upstream border of Davis property]. Top is where
significant stream{main branch] enters from S; main stream bends sharply back to N
here. .

shale in S bank

no outcrop; stream bends sharply back to W

shale

no outcrop

shale; old interval measurements from this one up to 240.5m; small stream from N
at 1.2 .
boulders; no outcrop - error in old printed version .

shale; basal 2.0 is good outcrop, top patchy; sample (HHC US 16 : 195.0m) 195.0m




2127 . no outcrop - boulders

213.7 1. shale; junction of two streams; main turhs to §

218.7 5. no outcrop - boulders

2232 4. shale; good outcrop in stream bed; sample (HHC US 17 : 219.0m) at 219.0m Sample
(JWD HHC 88, 120 : 220.7m) at 220.7m

225.7 2. no outcrop

2270 1. black shale; sample (HHC US 18 : 226m) at 226.0m

232.5 5. grey shale; sample at 229.0; first 0.4 is outcrop, then gap to ~1.2, then good outcrop
Sample JWD HHC 88, 121 : 229.7m) taken at 229.7 m

237.7 5. no outcrop; 2.7-3.7m in this interval and track and fence on upstream side cross
stream; elevation from topbgraphic map approximately 1100 feet

2395 1. grey shale; one ~lcm rusty weathering ?silty/sandy layer

2405 1. gap - no outcrop

2418 1. grey shale in stream; sample at 241.5m; very thin silts to 1cm, mostly Imm present,
sampled; (HHC US 20.241.5m)

246.0 4. no outcrop; poor outcrop above in S bank in this interval Sample (JWD HHC 88,122
:243.6m) at 7243.6 m

246.3 0. grey shale.

249.8 3. no outcrop; tiny shale outcrop in S bank at 3.0-3.2 ; major stream junction at top
of this interval

2518 2. no outcrop

2543 2. grey shale with siltstone layers, patchy outcrop Shale sample (JWD HHC 88, 123 :
253.1m) at ~253.1m

260.8 grey shale up side stream to N; Sarhple (HHC US 21 : 258.0m) at 258.0m

260.8 No outcrop on main stream; side stream enters from N at base of interval, and
outcrop occurs for several meters thickness upstream from the mouth; section also
measured up this - see below.

2698 9.0 No outcrop. Junction with smaller stream from N at base of interval; section also
measured up this - see below.

2728 3.0 Grey shale below sandstone bed ~10cm thick at ~270.3; Sample (JWD HHC 88, 125 :
275.25m) taken of this bed. Altimeter elevation 1230 feet. Stream bed ﬂattens out;
no outcrop past this point.

Side streain section beginning at 260.8m.

265.3 4.50  No outcrop.

2663 1.00 Shale; Icm fine-grained sandstone at 265.8m; 2cm similar sandstone at 266.3m;
Sample (JWD HHC 88, 124 : 270.63m) of shale No outcrop beyond this.

Side stream section beginning at 254.3m.
2608 6.50 Shale.
2648 4.00 Gapinoutcrop.
2649 0.10 Very small outcrop of shale.
No outcrop beyond this to overgrown road on the south flank of Harter Hill peak.




HHC US 01

HHC US 02
HHC US 03

HHC US 04

HHC US 05:

HHC US 06
HHC US 07
HHC US 08

HHC US 09°

HHC US 10
HHCUS 11
HHC US 12
HHC US 13

HHC US 14
HHC US 15
HHC US 16
HHC US 17
HHC US 18
HHC US 19
HHC US 20
HHC US 21

SUMMARY OF SAMPLES FROM HARTER HILL CREEK

~3m Trenton limestgne shaly sample

38.7m
51.0m

60-61.0m
71.0m
80.0m
91.0m
100.5m
111.3m
124.2m
131.5m
141.6m
149.0

157.0m
179.0m
195.0m
219.0m
226.0m
229.0m
241.5m
258.0m

shale from micritic limestone [Dolgeville]

shale - near base of exposed Utica [anywhere from 2.2 to
9.5m above base]

shale

shale

shale

shale

shale

shale !
shale

shale

shale - section ok up to this point
shale - new measurements for position of this and higher
samples

shale

shale

shale

shale

shale, black

shale, grey

shale, grey

shale, grey

-

Harter Hill section unit summary: Utica Shale overall (including .Dolgeville) 253.3-258.3m. Base
75 to 12.5m in section measured; top at 265.8m. Top Dolgeville between 41.5 nd 48.8m;
thickness 29.0-41.3m. Total Utica without Dolgeville 217.0-224.3m. Grey shaTe laminae
start at 227.0m; thickness to first sandstone above at 265.8 is 38.8m; first thin
sandstone/siltstone at ~239.0 - minimum of 12.0m grey shale.



UNMODIFED STRATIGRAPHIC POSITIQONS OF SELECTED SAMPLES

HARTER HILL CREEK
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UNMODIFIED STRATIGRAPHIC POSITIONS OF SELECTED SAMPLES
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Nowadaga Creek 24/11/92 with CM. Achong and W.S.F. Kidd

creek high
Samples acquired by C.M. Achong and W.S.F.Kidd are {abeled ﬁg NC DF, US in bold lettering.

Stratigraphic position of samples were determiﬁg thro ilgh structure contouring on
geologic maps by Fisher (1979)

Al Outcrop to north of old railroad bridge, north of Thruway. Dip-~40S, strike ~320-325. 80-90%
shale - i.¢. rather sparse’ Dolgeville; calciturbidites to 30cm thick, About 5m exposed.
Sample 1 [NC DF-0l]near top. Calcite veins 287 88N, left-lateral rhombic openings.
Another véin/fracture set 248 vertical [no shear sense seen]

B] Just above Thruway bridge. About 2m exposed, ~80% shale with calciturbidites to 40cm. Strike
~330-335, dip ~4°S.

C] Black shale with minor thin [1-2cm] calciturbidites. Strike ~335, dip 405, Sample 2 [NC US-
02]from N-facing low E-W ledge 10 paces south of cedar tree in west bank. Prominent
fracture set 243 vertical. Elevation from topo map at downstream end of outcrop estimated

at 370ft.

Cp] All underwater; flexure in 30-40 cm calciturbidite near south end outérop is down to east, with
strike of hinge of 210 and parallel fractures.

D] Black shale with prominent calciturbidites [locally 25% of section] at sample site at east end of
outcrop near bridge. Sample 3 [NC US-03]from just below 25cm thick calciturbidite bed
[about 50m plus elevation change up from sample 1]. Strike not easily definable from

outcrop observed; dip ~2°S.

E] Next bridge upstream; shale, dip ~1°5; about 12m plus elevation change up from sample 3.

Fl Shale, no large calciturbidites. Sample 4 [NC US-04]by foot of north bridge abutment. Difficult
to measure dip, but not greater than 1.59S, and probably near 1°. About 17m plus elevation
change up from outcrop E. '

G] Well-exposed shale, with dip 1.29S [i.e. 100 ft/mile!l]. Picnic site visited with Delano
previously. Three thin bentonite reentrants seen in cliff across river.

H] Just north of Bladek's garage, and just south of house immediately north of this. Shale, dip
~308, strike ~110. Sample 5 [NC US-05]; about 20m up from sample 4 plus elevation change
- assuming dip of outcrop G.

I] Shales, dip ~1.598S, strike ~110.

J1 Tibbits Road bridge, Newville. Shales, dip ~4-50W, strike ~150. Sample 6 [NC US-06]from
south bank, at second ledge upstream from corner of bridge abutment, about 20 paces from it.
At upstream end of outcrop, elevation from topo map is 520ft, about 150ft above bottom of
outcrop C.
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K] Bridge at intersection in west end of Newville. To east, downstream, outcrop is flat-lying to
begin with, but into cliff on SE bank it dips prominently west, then may flatten again to
north. Outcrop to west of bridge looks flattish, dip probably less than 2o. Sample 7 [NC
US-07]from base of southwest bridge abutment. Elevation from topo map ~550ft.

L] Shale, dip ~3-40E, strike ~275. Sample 8 [NC US-08}from north bank about 40 feet west of bridge.
Calcite vein 243 vertical.

M] Roadcut with grey shale and thin silty greywackes, Sample 9 [OTC FF-01]; also a few sandy
greywackes to ~30 cm, prominently cross-laminated with N-flowing currents. Otsquago
Creek, south-west of Starkville.




9/12/92 with C.M. Achong and Dr. W.S.F. Kidd.

all stratigraphic positions of the following samples were determined by use of structure contours on
geqlogic maps published by Fisher (1979) .

1/ Ohisa Creek. Junction with small creek from Maby Road to SW. About 50% thin sandstone and
siltstone typically 1-3cm thick, a few up to 10cm thick. Flat [max <1© S-W dip]. Much ice
and snow. No outcrop seen, allowing for ice, down to this stream junction.” Ohisa creek has
flat bottom; outcrop likely to be intermittent{OC FF-01].

2/ Rte 171 SW of Frankfort. Large outcrop on N side road near base of gorge, sampled at base [171
FF-01], where about 5m of thin sandstone/siltstone and shale, with typically 1-5cm thick
sandstones, some to 10cm or so, make up about 40-50% of the interval. Next part of outcrop
above is 4m+/- of shale, then about 7+m above is similar to bottom interval, with perhaps
a thicker sandstone at top.

3/ Just south of bridge by fault offset sandstone and parking area by creek. New roadcut with fresh
shale and thin sandstone/siltstone. Light grey-dark grey shale transition seen and
sampled [171 FF-02; 2 bits]. Thick sandstone at top of roadcut ~70cm+.

4/ Route 30A about 3 miles north of Central Bridge, on west side of road, opposite junction with side
road that crosses creek on old girder bridge. Schenectady Fm nominally. About 40-50%
sandstone, most 10cm or less thick, a couple to ~30cm. Sample of shale ~2m up from base of
cut [30A FF-01]. Gentle SW dip ~1.59. Very thick [1.5m+] sandstone exposed to south round
corner. Two perpendicular directions of tool/groove marks seen on loose slab and on
underside of prominent 30cm sandstone in face of cut. This bed has parallel lamination for
bottom Scm or so, then convoluted lamination, overturned south, then ?climbing cross-
laminated top 20cm, climbing to south. Is this within wave base? Many of tool marks on
sandstone base are large and look like shell margin marks; but no shells visible in
sandstone! Top of this bed is not planar, also suggesting reworking of original turbidite;
shale and next thin sandstone above thicken over depressions in top of this bed.

5/ Wolf Hollow, east of Amsterdam. Schenectady Fm. near Hoffmans Fault. About 60-70 % coarse
thick sandstones [turbidites] with shales; one shale sampled [WH FF-01]. Dip about 20° E,
because of bending near the Hoffmans Fault. Fisher's map implies that these beds are not
far above the contact with the Utica [assuming that there are not any splays to the main
fault].




Yatesville Creek below Buttermilk Falls. 29.95m is base of "Frankfort” or "Schenectady"

CM. Achong samples YC US-01 at 11.60m; YC US-02 at 27.77m; YC FF-01 at 44.4m; YC FF-
02 at 51.3m




APPENDIX VI

PALEOGEOGRAPHIC AND PALEOCLIMATIC RECONSTRUCTION TECHNIQUES

VLi Introduction

The distribution of organic-rich sediments is partially controlled by oceanographic
processes which affect the distribution of phytoplankton (Parrish and Curtis, 1982), constituting
ninety-five percent of all primary organic producers in the ocean (Krujis and Barron, 1990). Because
organic productivity, and preservation of the matter produced, are the main forces controlling the
distribution of marine petroleum source rock (MPSR) beds, oceanographic processes affect the
spatial and temporal distribution of MPSR beds (Barron, 1985). Oceanographic processes are driven
by continental geographic setting and climate; therefore, organic productivity and preservation of
organic matter can be described essentially as a function of continental geography and climatic
conditions (Barron, 1985). The successful prediction of past times and locations of MPSR occurrences
could be enhanced if past paleogeographic positions and motions, and paleoclimatic conditions, can
be accurately known.

Paleo-locations of persistent, wind-driven, upwelling zones are one of the most important
results that are derived from paleogeographic and paleoclimatic modeling. The enhanced
production of marine organic matter observed at these sites presently is a consequence of upwelling
currents continually replenisixing the photic zone of the water column with nutrients, in particular
phosphates and nitrates, for planktonic consumption (Barron, 1985). These currents are driven by
surface winds that are associated with the largest-scale features of atmospheric circulation
(Parrish, 1982). Therefore, accurate modeling of atmospheric circulation on paleogeographic
reconstructions should enable more accurate and precise predictions of MPSR beds, if it is correct

that they are dominantly a consequence of wind-driven upwelling.
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WHhile accurate paleogeographic reconstructions have become attainable with the
combined use of paleomagnetic, biogeographic, tectonic and climatic meth‘ods~ (Ziegler et al., 1987),
accurate paleoclimatic prediction is still in its developmental stages. Two different approaches
towards the development of better paleoclimatic/paleoproductivity predictive techniques have
progressed in the past two decades. Parrish (1982) has pioneered the use of a 'qualitative'
paleoclimatic model, using analogies with the present-day climatic conditions and the effects of
continental positioning in the modification of global atmospheric circulation patterns, to isolate
probable paleo-upwelling sites (Parrish, 1982). More recently, Barron (1985) has used numefical
modeling based on the "presumed’, more fundamental, physical laws controlling global atmospheric
circulation to predict the time and locations of paleo-upwelling sites.

A review of previously published material (Parrish, 1982, 1982a; Barron, 1985) discusses
further whether these qualitative and numerical models can predict the former existence of wind-
driven upwelling zones. These sites hdve been observed to have extensive organic-rich sediments.

The paleoclimatic predictive capabilities of both models can be tested by assessing:

Is there an actual connection- between present-day upwelling and the observation of high
primary productivity -?

Can ‘current climatic mddeling attempts accurately ‘and precisely simulate ‘present-day
observations of upwelling ?

Are these climatic models capable of predicting sites of paleo-upwelling and paleo-

product‘i‘vity using specific, field-observed, paleoclimatically-sensitive sediments to test the

potential usefulness of climatic modeling towards identifying prolific MPSR deposits ?




VILii Atmospheric Circulation

V0Lii.i Review of the Derivation of ideal, present-day, zonal circulation
patterns

The development of accurate global atmospheric models for the Cretaceous and the
Ordovician is predicated on the ability to ascertain the neéessary parameters for the correct
explanation of present-day atmospheric circulation and extrapolation to the past. Present-day
atmospheric and oceanic circulation patterns are controlled by the distribution of heat over the
Earth and the effect of planetary motion (Parrish, 1982). The construction of present-day
atmospheric circulation patterns begins first with an ideal situation, a water-only planet, and its
subsequent modification into present-day climatic observations.

On an ideal, globally uniform, water-planet, present-day circulation would be a function of
heating differences between the equator and the pole and the rotation of the planet. A temperature

gradient is continually generated as a consequence of the surface of the planet receiving more

sunlight at the equator than at the poles (Parrish, 1982). In the absence of planetary rotation, air

heated at the equator would rise and flow directly poleward, while air cooled at the poles would
sink and flow equatorward. The Corolis Effect, a consequence of planetary rotation, causes the
deflection of the developing air masses; equatorward moving air is shunted to the west, while
poleward moving air is moved to the east (Parrish, 1982). Additional heat and mass balance
constraints cause the development of a global wind system on this ideal water-only planetary
system, consisting of six general wind belts. Each of these belts are parallel to latitude, three in
each hemisphere. They are:
* the equatorial easterlies, lying between the equator and 20°N and 20°S
e the westerlies, occupying the areas between 40°N-55"N and 40°5-55°5
* the polar easterlies lying between the poles and 65°S and 65N respectively (Fig. VL)

The imposition of additional heat and mass balance constraints causes the development of

present-day zonal pressure regimes. Equatorial-derived air flowing to the poles will sink at about
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and westerly wind belt systems. Arrows s
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~Figure VLi - Idealized surface atmos heric circulation, showing easterly
ow wind direction (After Barron, 1985).




30" in each hemisphere, causing barometric high development at these locations. Poleward-
derived air flowing to the equator rises at 60 in both hemispheres, consequently forming barometric
lows in these regions. Therefore, the ideal zonal pressure regimes are also parallel to latitude;
high pressure zones are located at the poles and parallel to 30°N and 30°S, while low pressure
zones form at the equator and parallel to 60° in both hemispheres (Fig. VLii) (Parrish, 1982).

The first barrier confronting the development of accurate paleoclimatic predictive
techniques is whether or not this 'idealized' zonal construction of present-day atmospheric
circulation was valid for the past. The rotation of the Earth has slowed down since Paleozoic
times; the modeling of tidal friction forces that would have slowed down the Earth's rotation is
thought by some to require that planetary rotation was then fifteen to twenty percent faster than
the present (Parrish, 1982). A faster-rotating planet would-cause the compression of the ideal zonal
wind and pressure regime construction towards the equator. If a faster critical rotational speed was
reached earlier in Earth's history, the creation of additional wind and pressure regimes still would
have occurred parallel with latitude (Parrish, 1982). Modeling predicts that a fifteen to twenty

percent increase in planetary rotation’speed would have caused a 4*- 6° compression of zonal wind

and pressure belts in each hemisphere. However, because of a minimum 5°-10° error on the

positioning of paleocontinents, the possible error associated with the compression of zonal wind and
pressure belts enables this potential factor to be discarded as significant (Parrish, 1982).

The obliquity of the planet also has the potential to seriously affect the past overall
global atmospheric patterns on this ideal 'water-only' planet (Parrish, 1982). However there is no
supporting evidence for assertions that the tilt of the Earth's rotational axis relative to the plane
of the orbit of the Earth around the Sun has changed since Paleozoic times. Consequently, obliquity
can also be discarded as a potential threat to extrapolating this present-day zonal atmospheric
construction to the past. These two factors, obliquity and faster planetary rotation, are the only
primary ‘challenges’ that could pose problems for the ability of modeling an ideal 'water-only'

planetary atmospheric system in the past by using present-day considerations.




eridional Circulation

Surface Wings

Figure VL. ii - Idealized surface atmospheric circulation, showing pressure belt systems
and assoiated wind belt system development. Isobars are parallel to latitude.
dark shading = reltive high pressure belt; iiht shading = relative low pressure belt

(After Parrish, 1982).
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VI.ii.ii Modification of ideal present-day zonal circulation into present-

day cellular circulation patterns

The introduction of continental landforms on this idealized 'water-only' planetary
construction causes the modification of ideal zonal atmospheric circulation into our present-day
cellular atmospheric circulation patterns. This is a direct consequence of the differing thermal

properties between land and water (Parrish, 1982).

A continual temperature contrast exists between the continents and the adjacent oceans

i
3

because land is able to thermally equilibrate faster than the ocean. The greater the contrast

-

between an area and the.idealized 'water-only' situation, (i.e. more continental mass in a given

e ™

area), the greater the disruption of the idealized zonal atmospheric model into present-day

‘ observed cellular circulation patterns. The effect of the-latitudinal position of a continent can also

B

contribute to the degree of zonal modification.. At mid-latitudes, the magnitude of difference

between land and oceanic temperatures are greater which -can contribute to even more severe
i

modification of the ‘ideal’ zonal atmospheric patterns (Parrish; 1982). Seasonality can also play a
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role in the modification of atmospheric circulation; some aspects of present-day circulation patterns

i are created and destroyed on a seasonal basis. Zonal pressure belts can shift as much as 10° between

é summer and winter seasons due to seasonality alone (Parrish, 1982).

E The combined effects of the aforementioned processes is the intensification of the oceanic

- pressure belts and the creation of contrasting pressure regimes on the adjacent landform, all relative
to the ideal zonal atmospheric model construction (Fig. VLiii) (Barron, 1985). For example, even

- though permanent high-pressure cells are located at the poles presently, during the winter the

southern pole high-pressure cell is more intense than its northern counterpart. This is because the

- TR RN

presence of the Antarctic continent ideally situated around the South Pole.
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WINTER

Figure VL iii - An idelized surface atmospheric circulation for summer and winter hemispheres
on a hypothetical continental landform.
L = relative low pressure cell development
H = relative high pressure cell development
| (After Barron, 1985).




With these fundamental principles, coupled with the assumptions of atmospheric

circulation, paleoclimatic circulation maps can be constructed in the following manner:
» superimposing the reconstructed paleogeography for the time desired on the ideal zonal

atmospheric model

e modification of high ahd low-pressure belts and cells on these maps as a consequence of

paleocontinental mass, positioning, and seasonality (Parrish, 1982). 2
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VL.iii Wind-Driven Upwelling

Vl.iii.i Conditions for wind-driven upwelling

It is currently observed that the areas of highest primary marine productivity occur in
upwelling regions located in coastal waters (Fig. VLiv) (Barron, 1985). These regions occupy only
one-tenth of one pergent of the world's surface area. However, they are presently observed to be six
to fourteen times as biologically productive as:the least productive area of the world’s oceans and
more than three times more productive than normal shelf waters (Parrish, 1982a). Average
productivity in these regions is observed to be 250 gCorgm'zyr'l, compared to 50 nggm‘Zyr‘1 in
open-oceanic environments. # )

While there are several types of processes which can produce upwelling currents, the most
impox:tant ones are those that, are large-scale, persistent, and wind driven (Parrish, 1982). Wind-
driven upwelling occurs whenever surface wind currents create a surface divergence in the water
column, (Barron, 1985). This enables surface water depleted in nutrients, due to its consumption by
organisms in the photic zone, to be replaced by nutrient-rich water from below the photic zone. The
mechanics of how these divergences occur is important to modeling attempts for the prediction of
marine petroleum source rock (MPSR) occurrences.

In the absence of planétary rotation, a particle on the surface of a water column, composed
of several hypothetical layers, would move in the same direction of the wind. The Corolis Effect,
due to planetary rotation, bo:vever causes the particle not to travel in the same direction of the
wind. Instead it is deflected at an angle to the right of the wind in the Northern Hemisphere.
Because the water layer immediately beneath the surface layer is in frictional contact with it,
movement of this layer also occurs. However, the Corolis Effect also affects this layer so that a

L]

particle in this layer would be deflected 4t an angle to the right greater than the first layer
H

E3

(Parrish, 1982). Energ¥ loss, caused by frictional contact with the above layer, causes this layer to

move slower than the first layer. This process continues until at some depth, no further motion

occurs. The summation of the magnitudes and directions of these frictionally coupled layers is
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called an Ekman spiral (Barron, 1985). The net transport of the water column beneath the open
atmosphere, called the Ekman transport, is perpendicular to the wind direction (Fig. VLv). In the
Northern hemisphere water deflection is observed to be to the right of the wind; in the Southern

hemisphere it is to the left (Barron, 1985). Using this observation, two situations have been

determined to be favorable for the long term existence of wind-driven upwelling: open-oceanic

divergences and coastal upwelling (Parrish, 1982).
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Figure VI. v - Ekman spiral, highlighting the gradual change in current direction and strength
with increasing depth, and the 90" relationship of net water transport with wind direction
(After Barron, 1985).




VLiii.ii Coastal wind-driven upwelling

Coastal surface wind-driven upwelling occurs whenever the wind direction is parallel to
the coastline of a continent. The coastline must be on the right side (Iooking downward) of the wind
direction in the Northern hemisphere, while the coastline must be on the left side in the Southern
hemisphere, if the net transport of water is'to be in an offshore direction. This causes surface water
to be transported out to the open sea and nutrient-rich water to take its placé. Presently, coastal
wind-driven upwelling is observed off western South and North America, and off the coast of
northwestern and southwestern Africa (Fig. VLiv). Presently, and probably in the past, coastal
wind-driven upwelling occurs on west-facing coasts within sub-tropical high-pressure belts, or on
east facing coasts; within the middle latitude low-pressure belts known as meridional coastal
upwelling zones (Parrish, 1982) Present-day meridional coastal upwelling zones, such as the one off
the Peruvian coast, can generate productivity values as high as 600 gCorgm'zyr'l,'and up to 20 wt.
% carbon in underlying sediments. Coastal upwelling can also develop on north or south facix;g
coasts that coincide with zonal wind-and pressure belts such that énable surface water divergences
occur. Presently this situation occurs off the coast of northern Venezuela (Fig. VLiv), with
productivity averaging IOO*gCol-gm’zyr‘1 in these areas. Monsoonal upwelling combines the effects
of large-scale continental poSitioning and seasonality to produce extensive productivity, which is

presently observed adjacent to northeastern Africa (Parrish, 1982) (Fig. VLiv).




VI.iii.iii 'Open-oceanic divergences and upwelling

Open-oceanic divergences form whenever low-pressure cells form over the ocean. In this
situation; air flows counterclockwise into the low-pressure system from adjacent high-pressure
systems in the Northern hemisphere, while in the Southern hemisphere air flows clockwise into
the cell. The air flows in a circular path into the low-pressure cell because of the Corolis Effect
(Parrish, 1982). The wind convergence into the low-pressure cell causes a water divergence within
the water column; water is transported perpendicularly away from the low-pressure system. This
type of open-oceanic divergence is called radial in nature -(Fig. VI.vi) (Parrish, 1982). A symmetric
version of open-ocean divergences occurs at the equator when the equatorial easterlies converge at
the equator. Perpendicular-transport of the water relative to the direction of the wind direction
causes divergence to occur (Fig. VIvi) (Parrish, 1982). Both versions of open-oceanic divergence
mechanisms presently are not seriously considered as optimum sites for marine petroleum source rock

deposition, because presently both types of open-oceanic divergences occur mostly over abyssal

"depths of the oceans. In addition, presently observed productivity values are only as high as

SOgCorgm'2yr']. All organic productivity that could be produced as a product of upwelling would be
biodegraded, since the vertical distance traveled by the organic matter is large enough for complete
oxidation of the matter before it reaches the sea floor (Demaison and Moore, 1980). However, this
type of divergence could have been of importance during past times when sea-level stands were
considerably higher. The formation of relatiyely shallow, intercontinental seas could have
enabled the production and significant preservation of organic matter if the continents were in the
correct latitudinal position. If the production rate was high enough, and the epeiric seas not too
deep, organic matter could have exhausted the oxygen content of the waters, allowing for its
deposition and possjble preservation. This is presently occurring in the Black Sea, where in the

middle of this, basin productivity is only between 50-90 gCo,-gm‘zyr‘l. However, average total

organic carbon (TOC) values are at least 4 wt. % and higher. This contrasts the observation that
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Figure VI. vi - Schematic diagram highliihting upwelling types. Radial and symmetrical wind-driven
upwelling ocurs under stable, low atmosp eric pressure systems. Except for the equatorial area, diagram
illustrating wind and water currents are for northern atmospheric
orientation. Southern hemisphere wind patterns would be mirror images of the ones pictured
above, with water transported to the left of wind direction (facing downwind)

(After Parrish, 1982).
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productivity values are as high as 500 gC(,I-gm'zyr'1 on the coastal edges of the Black Sea, yet

TOC values there are observed to Ee less than 1 wt. % (Stein, 1991).
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Vi.iii.iv The connection between primary productivity and wind-driven

upwelling: Is there actually one ?

One of the most critical assumptions used to justify the use of paleogeography and
paleoclimatology towards predicting marine petroleum source rock (MPSR) occurrences is that
wind-driven upwelling indicates productivity (Moore et al, 1993). The actual connection between
wind-driven upwelling and marine productivity is that the transport of surface water depleted in
nutrients by winds is replaced by nutrient-rich water from underneath. But is this actually the
case? Does wind-driven upwelling actually indicate high primary productivity? And is the
converse - that high primary productivity indicates wind-driven upwelling - a valid assumption?

The most direct means towards resolving this issue would be determining upwelling rates
for various areas for comparison. However, because upwelling rates are relatively small in the
world ocean (=102 cmlsec'1), the determination of surface wind conditions is used as a proxy for
wind-driven upwelling in a specific area. A divergent wind condition would indicate the existence
of wind-driven upwelling. The measurement of surface wind conditions indicative for wind-driven
upwelling consists of a two-stage process:

* computation of surface wind stress from observed wind velocities

e determination of divergent wind conditions possibly existing from the surface wind stress

A global wind velocity data base spanning 106 years with a 2° by 2° resolution was constructed by
Hellerman and Rosenstein (1983). From this a global wind: stress diagram, a map waé created
showing 2°by 2° areas of predicted wind;driven upwelling (Fig. 1, of Krujis and Barron, 1990). In an
ideal situation, a global map with 2° by 2° resolution showing high primary productivity would be
used to directly compare the locations observed for wind-driven upwelling 2nd high primary

productivity. However, the data set for primary production is far from ideal. The spatial and

temporal distribution of sampling was biased, multiple techniques were used for determining the-

primary productivity (mg Corgm'zl day) of specific areas, and the original dita is unavailable for
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its possible manipulation into a workable format (Krujis and Barron, 1990). Therefore, is it the best
available map showing global productivity.

For comparison, both maps were re-digitized over an evenly spaced grid 5° by 5° in
resolution. Both were then superimposed for direct comparison (Fig. 3, of Krujis and Barron, 1990).
At first glance, it appears that the assumption that wind-driven up.welling is indicative of high
primary productivity is not promising. Only 18 percent of annual wind-driven upwelling regions are
associated with high primary productivxity areas, with many of the wind-driven upwelling
regions occurring in the open ocean and permanent ice cover areas. However, while present-day open
oceanic divergences are potential sites for extensive wind-driven upwelling, they are observed to be
poor sites for marine petroleum source rock deposition. Therefore, all areas that are at least one
grid-point away from a land source can be discarded. Doing this causes the association between
wind-driven upwelling and high primary productivity to rise to 63 percent (Krujis'and Barron,
1990). An interesting note is that there are very few sites of high primary productivity not
associated with wind-driven upwelling (Diagram 3c, of Krujis and Ba.rron, 1990), suggesting that
high primary productivity is an indication of wind-driven upwelling. However, the assertion that
the converse is true, that wind-driven upwelling requires high primary productivity, is not
confirmed and must be determined for each individual case presented (Krujis and Barron, 1990).

The assertion that wind-driven upwelling is an indicator of high primary productivity
must be used conditionally. Wind-driven upwelling can be used only as an indicator of productivity
if all other factors associated with marine petroleum source rock deposition are favorable. These

include the rate at which organic debris sinks through the water column, the burial rate of the

. deposited organic matter and the’oxygen concentration in the water column (Moore et al, 1993). This

represents the next major predictive step; the temporal and spatial prediction of organic matter

preservation through paleogeography and paleoclimatology (Barron, 1985). However, a sixty-

three percent occurrence of primary productivity and wind-driven upwelling provides strong
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support for the use of paleoclimatology and paleogeography for the prediction of

paleoproductivity.
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VLiv_ Paleoclimatic Reconstruction Modeling

VIiv.i Paleogeographic Reconstructions

A critical parameter that directly affects the accuracy of global paleoclimatic patterns is
the accuracy of the paleogeographic maps on which they are based. The proportion of
paleocontinental landforms, and their latitudinal and longitudinal positioning, will have
important effects on® the distribution of world temPerg_tyré, pre_ci.pitation, climate (Ziegler et al,
1979). The importance of this-can been seen when comparing the palebgeography and its associated
general climatic features of various time intervals. The distribution of paleocontinental landforms
in the high latitudes in the Permo-Carbdniferous ard late Precambrian allowed world climate to be
relatively codl, with evidence -of substantial gléciati;}; durihg these times. During the early
Paleozoic however, the proposed low latitude configurations of the various paleocontinents would
have caused world climate to Be relatively hot (Ziegler et al, 1979). Therefore, the- temporal and
spatial distribution of marine’ petroleim source rock-(MPSR) occurrences is highly dependent on
paleogeography as well as paledclimatology.

Paleogeographic reconstructions are still active areas of research. The unavailability of
quantitative data to help constrain paleogeographic motions and locations has required subjective
interpretations. For paleogeography, paleomagnetic-evidence is scarce and often inconsistent, due to
secondary magnetizations of rocks through metamorphism and weathering. Coupled with the
inability to measure the longitudinal separation of continental pairs, the inaccuracies of
paleogeographic reconstructions based solely on paleomagnetic data are high (Ziegler et al., 1979).
As a consequence, more qualitative techniques, such as biogeographic and paleoclimatic evidence,
have been combined with paleomagnetic data -to develop more accurate paleogeographic
reconstructions. However, ‘each of these qualitative techniques have limitations too.

The biogeographic distribution of faunal provinées-allows for independent checks on
paleomagnetically detePmined latitudes, in addition to inferring the longitudinal separation of

paleocontinents. An efféct of biogeographic barriers being a function of climate and geographic

183




distance, this has enabled better determination of general east-to-west paleogeographic
configurations during the lower Paleozoic (Ziegler et al., 1979). However, the robust nature of some
faunal provinces, such as the present-day Indo-Pacific Province which spans 180° of longitude,

places limitatipns on biogeography alone for constraining paleogeographic motions and locations.

The use of geochronology and sedimentology have also allowed better control on the timing

of continental disruptions and collisions, while tectonic patterns presently existing can be used in
producing more accurate paleogeographic reconstructions. Present-day subduction zones, such as the
‘Ring of Fire' surrounding the Pacific Ocean, possess a degree of continuity from continent to
continent. Because all the major Paleozoic paleocontinents show evidence of active continental
margins along at least one of their margins, the assumption that paleo-subduction zones were also
continuous belts has been incorporated into paleogeographic reconstructions (Ziegler et al., 1979).

The occurrence of climatically sensitive sediments, such as evaporites, coal beds and
tillites, also helps constrain paleogeographic rr;ode]ing. The observation of relatively wet
conditions, indicated by coal swamps and thick clastic sequences on eastern coasts in low latitudes
and on western coasts in mid latitudes, has also enabled better construction of paleogeographic
maps (Fig. 1, of Ziegler et al., 1979).

With the combined use of these fields, paleogeog;aphic maps have undergone major
revisions. Paleogeographic maps of Ziegler et al. (1979) originally placed Baltica in higher
latitudes of the Southern Hemisphere (Fig. 3, of Zieglér et al., 1979). The errors of paleomagnetic
poles in the Cambrian and Ordovician caused its inaccurate positioning However, evidence from
planktonic graptolites and pelagic trilobites have repositioned Baltica in more intermediate
latitudes in the medial Ordovician (Fig. 8, of Scotese and McKerrow, 1990). The difficulty of
reconstructing previous paleogeographies is not limited to the Paleozoic. Mesozoic-Cenozoic
paleogeographic reconstructions have also been difficult to constrain. The Cretaceous Quiet Zone
hampers the use of paleomagnetism for quickly and accurately determining the paleo-positions and

motions of the continents in the Caribbean Inter-Realm (Pindell et al., .1988). Therefore the




necessity of producing highly accurate paleogeographic reconstructions, used for deducing
paleoclimatic patterns and paleopro‘ductivit}} sites, forces the use of more qualitative techniques
for outlining continental motions (Ziegler et al,, 1979). Care must be taken when using these
paleogeographic reconstructions; research must be undertaken on an individual basis for
determining what, paleobiological, paleoclimatic, sedimentological and tectonic evidence was

used for the interpretation of a particular paleogeographic reconstruction.
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V08iv.ii Bathymetric considerations of wind-driven upwelling

; An .additional factor that can influence the ‘location of paleo-upwelling sites is

bathymetry. Wind-driven upwelling draws oceanic water not from abyssal depths but from water
“ ranging tens of meters to at most a few hundreds meters deep (Demaison and Moore, 1980). The
minimum water thickness that is needed fot Ekman, wind-driven, water transport to develop has

been estimated between fifty to one hundred fifty meters. Water depths less than this allow for

turbulence between the surface and bottom layers to effectively smother Ekman water transport
effects (Parrish, 1982). Therefore, the point where wind-driven upwelling ceases is not the actual
position of the shoreline, but the depth where turbulerice dominates over Ekman transport in the
water column. Currently, it is a plausible assumption thatithe wind-driven up;velling shoreline and
the geographic shoreline are essentially the same; this may- not have been valid in the past. Until
recently, paleoclimatic models.have not attempted to superimpose geographic contouring onto their
paleogeographic reconstructions. If they were made,.they.were highly subjective at best, having
the world being divided only into mountains, lowlands, shelves:and oceans (Ziegler et al., 1979). As
a consequence, many predicted paleo-upwelling“sites have been placed at the location for
| preserving(?) paleocontinental shelf breaks: There is no quantitative way to determine the

optimum water depth for organic-rich sediments in an existing paleo wind-driven -upwelling

system; the necessary resolution does not exist. This. allows ‘for substantial error to be introduced in

the spatial prediction of paleo-upwelling sites on continental shelves..




VI“..iv.iii Non-numerical, qualitative, paleoclimatic modeling

Parrish (1982) pioneered the use of non-numerjcal modeling of paleoclimate and its
effectiveness in localizing paleo-upwelling sites. The paleo-circulation maps were constructed on
the following assumptions: o
¢ previous atmospheric patterns were analogous to the present day-

* paleocontinental configurations were the key factors controlling the severity of the disruption
of idealized zonal atmospheric, patterns and the location of paleo-upwelling sites (Parrish,
1982a, Parrish, 1982, Parrish and Curtis, 1982)

The spatial and temporal distribution. of paleoclimatically-sensitive sediments and
organisms were then predicted from the paleoclimatic constructions. Field observations of
paleoclimatic indicators, such as glauconite, phosphate, coal beds and evaporites, were then used
to test the predictions (Parrish, 1982), Because paleoclimatically-sensitive sediments have been
used to constrain the paleogeographic positions, however, the validity of using these
reconstructiQus towards identifying prolific MPSR accurrences has been questioned. However, in
addition to evaporites, coals and tillites, non-paleoclimatic rock types were used for the
reconstruction of past paleogeographies (Ziegler et al., 1987). Also, because Parrish (1982)
attempted the prediction of locations of a paleoclimatically-controlled sediment' that was not used
to constrain paleogeographic positioning, specifically MPSR units, the potential conflict of using
the same variables for localizing paleogeographies and petroleum occurrences was avoided.

Her modeling attempts were able to correctly predict 55% of all presently observed
organic-rich deposits as being a consequence of wind-driven upwelling alone (Table 2, of Parrish
1982a). However, non-numerical modeling attempts of MPSR distributions worked better during
certain time intervals. A better association was observed for the late Devonian, most of the
Cretaceous and the later Tertiary, while a poorer association was seen for the Jurassic and early

Paleozoic. (Parrish, 1982a). Several explanations for why qualitative paleoclimatic modeling

could only identify 55% of all organic-rich rocks included:
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that not all upwelling sites are underlain by organic-rich sediments. If bottom waters are
accessible to, and replenished by, highly oxygenated waters, efficient degradation of
deposited organic matter will continue. This is observed presently in’ Antarctica, where very
low water temperatures enables the polar waters to be highly oxygenated. Consequently, Corg
values in the bottom sediments are only .52 wt. %. Similar ‘situations exist offshore of
southeastern Brazil (Demaison and Moore, 1980).

that not all petroleum source rock beds are a consequence of wind divergences (Parrish, 1982).

Upwelling zones are not the only’ optimum location for the deposition of marine petroleum

source rocks (Demaison and Moote, 1980). In addition to upwelling sites, large anoxic lakes,

anoxic silled basins and open ocean anoxic layers can also be sites conducive for the production
and preservation of organic-rich sediments.
However, with as many as’ half of all organic-rich sediments being correctly predicted as a
consequence of wind-driven upwelling: Parrish (1982a) inferred that non-numerical paleoclimatic

modeling holds promise for predicting the time and location of MPSR occurrences.
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Vliv.iv Numerical paleoclimatic modeling

The observation that some periods of the Phanerozoic in the non-numerical paleoclimatic -

modeling gave better predictions for the occurrences of MPSR units than others.caused some to
question the validity of assuming that present-day atmospheric circulation was the same in the
past. It was argued that some paleocontinental configurations would not allow for accurate
prediction of paleoclimatic conditions and paleoproductivity if one assumed that atmospheric
conditions have remained constant throughout time. This would be due to the qualities of
atmospheric circulation constantly changing in response to a changing paleogeography. Changing
paleogeographic configurations would also force angular and energy momentum balances of the
earth-atmosphere system, which ultimately control climate, to change. The validity of non-
numerical paleoclimatic modeling was challenged on the assertion that it was incapable of
accounting for a changing paleogeography which affects the overall energy, momentum and
climatic balances of the earth-atmosphere system (Barron, 1985). By relying on analogies of
present-day continental configurations and atmospheric circulation, non-numerical paleoclimatic
models would be inherently biased, perhaps predicting paleoclimates and paleo-upwelling sites
incorrectly. Only when paleocontinental configurations were similar to present-day conditions
would the probability that the predictions were right increase. The more grossly dissimilar the
paleogeography, such as during the Jurassic, the more likely that non-numerical predictions would
be incorrect.

Barron (1985) attempted to solve this potential problem of non-numerical paleoclimatic
modeling by developing numerical climatic models that were based only upon the ‘presumed’,
fundamental, physical laws that govern atmospheric and oceanic circulation. These models have
the capability of determining whether or not the general features of atmospheric and oceanic
circulation remain stable in a constantly evolving paleogeography (Barron, 1985; Krujis and

Barron, 1990).
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In order to test the potential usefulness of this-version of paleoclimatic modeling, a series of

sensitivity experiments were developed that ascertaihed the ability of the model to accurately
predict present day climatic patterns (Barron, 1985). It was shown capable of correctly predicting
sites of present-day wind-driven upwelling and their associated h'igh productivity sites (Diagrams
7-9, Barron, 1985). The model was then used on a medial Cretaceous paleogeography under high
and Iow sea level stands to address whether or not atmospheric circulation was stable under a
changing paleogeography. Numerical modeling showed"that present-day atmospheric conditions
are valid for this past paleogeography only in low latitudé locations. Inaccurate predictions were
made for higher-latitudinal positions. Therefore, paleo-upwelling predictions in high latitude
locations must be treated with caution since numerical modeling was able to show that

paleoclimatic modeling is highly sensitive to geography (Barron, 1985).




VL8iv.v Comparison between both paleoclimatic models

The comparison between similar paleogeographic reconstructions for both models during the
Cenomanian (Figure 4, of Parrish and Curtis, 1982 and Figq;e 13C, of Barron, 1985) shows that in a
general sense both produce similar predictions. Both models show wind-driven upwelling existing
off western South America and northwestern Africa. However, numerical modeling shows wind-
driven upwelling off the northern coast of South America during the €enomanian while it is not on
the qualitative maps. Comparison of paleoclimatic maps of the late Silurian (Diagram 8, of
Parrish and-Curtis, 1982 and Diagram 3, of Moore et al., 1993) reinforces the assertion that both
models can predict paleo-upwelling sites relatively well. This and other comparisons highlight
the effectiveness of qualitative models in low latitude areas. Numerical models have the
potential to be more accurate in higher-latitudinal positions. However, they have been developed
only for the medial Cretaceous (Barron, 1985; Kruyjis and Barron, 1990) and recently for the late
Silurian (Mqore et al., 1993).

Additionally, paleoclimatic reconstructions are only as good as the paleogeographic maps
on which they are constructed. Because the minimum error on the latitudinal positioning of
paleocontinents is 5°-10° and even perhaps greater for longitudinal positioning, even if numerical
modeling is more accurate, its effectiveness is reduced by the large errors associated with paleo-
positioning. Therefore non-numerical paleoclimatic models should be considered as potential, first-
order, predictive tools for x;marine petroleum source rock occurrences. However, the unreliability of
the prediction will be greater in high latitudinal positions and on paleocontinental configurations
that are grossly dissimilar to present-day situations. Both numerical modeling and qualitative
modeling should be used to predict MPSR occurrences, with field observations used to either
strengthen or reject a proposed paleo-upwelling occurrence. The predictions should be used only as a
starting point from which further investigation will yield a more comprehensive explanation

concerning the existence of prolific MPSR deposits.
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